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Abstract
The impact of xenobioticaily derived compounds on the health and well being of 
biological organisms, including human beings, is becoming a large concern for our 
society. Understanding how these compounds interact with biological processes will be 
critical in developing future monitoring practises, since this class of pollutants has the 
ability to affect the structural composition of DNA and alter the regulation of critical 
signalling processes. The main goal of this study was to develop novel biological 
indicators that could be used to assess the impact of polycyclic aromatic hydrocarbons 
(PAHs) on the apoptotic pathway in the brown bullhead (Ameiurus nebulosus), by using 
both immunohistochemistry and gene transcription profiling. Apoptosis is an 
evolutionarily conserved cell death pathway that is responsible for removing unnecessary 
or damaged cells from an organism in a controlled manner. Apoptotic cell death occurs 
during development, immune response, and senescence. The loss of apoptotic regulation 
is known to play a role in the formation of tumors and has been demonstrated to be 
affected by xenobiotic compounds. In this study, it is hypothesized that the apoptotic 
pathways in the brown bullhead are altered by the presence of PAHs with a final outcome 
of elevated tumor formation. To evaluate the impact of PAHs on the apoptotic process, 
three separate, but related, studies were completed to characterise apoptosis in brown 
bullhead. First, the impact of known apoptotic inducers (staurosporine, cycloheximide, 
and TNF-a) on cell death in brown bullhead fibroblasts was characterized (Chapter 1). 
Secondly, fibroblasts were exposed to PAHs to examine how exposure to an 
environmentally relevant genotoxic substance alters the apoptotic pathway (Chapter 2). 
Finally, bullheads from various areas of the Detroit River, with a range of levels of 
persistent PAHs, were collected and tested for differences in the amount and regulation of
iii
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apoptosis among sites (Chapter 3). To accomplish the objectives of this study, DNA 
fragmentation was examined, a late stage indicator of apoptosis, by utilizing 
immunohistochemistry methods (TUNEL) and novel bullhead genetic markers were 
isolated and developed to evaluate differences in the transcription of apoptotic regulatory 
genes and to quantify apoptosis in the various studies. By utilizing genetic toxicology to 
assess the impacts of environmental pollution, in particular genotoxic agents, this study 
provides scientists and environmental managers with innovative tools and an enhanced 
understanding of how PAHs impact the apoptotic pathway, and ultimately fish health and 
its genetic regulation.
iv
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General Introduction
Genotoxic materials are distributed widely in aquatic ecosystems as a result of
diverse human activities such as energy generation and use, industrial activities,
agriculture, and domestic activities. Documentation of genotoxic effects in ecosystems
attributable to hazardous substances has begun to emerge. This includes reports of:
tumors in aquatic species (Baumann et al. 1990) and (Mackay et al. 1993), truncated age
classes in populations exhibiting increased incidences of neoplastic growth (Baumann et
al. 1990), damage assessments linking genotoxic impacts of oil spills and subsequent
mortality in commercial fish stocks (Blue et al. 1998), and epigenetic effects as the cause
of endocrine and reproductive disruption in a range of aquatic species (McBride and Van
Overbeek 1971) and (Watson et al. 1995).
Genetic ecotoxicology is the study of chemically induced changes in the genetic
material of natural biota and how these changes may impact populations and
communities. These changes include direct alteration in genes and gene expression, or
selective effects of pollutants on gene frequencies (Anderson et al. 1994). Xenobiotic
compounds that occur in the ecosystem at biologically effective doses can impact the
genetic machinery of organisms in a variety of ways (Figure i.l). There is a need to
develop novel methods to examine the cellular mechanisms in which xenobiotic
compounds impact detoxification, DNA repair mechanisms, somatic and germ cell
mutations, and non-mutagenic effects.
One class of persistent compounds found in the environment are polycyclic
aromatic hydrocarbons (PAHs). PAHs are formed though the inefficient combustion of
organic compounds and are broadly distributed in the environment and demonstrate a
mutagenic nature and carcinogenic toxicity (Dipple 1983). It has been demonstrated that
1
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Figure LI: Possible genotoxic effects that can occur with exposure to hazardous substance at both the 
organismal and population level (modified from Anderson et ah 1994).
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extracts from contaminated sediments containing PAHs have the ability to induce liver 
tumors in rainbow trout (Metcalfe et al. 1990) and skin tumours of brown bullhead 
(Black et al. 1983). Additional studies on the etiology of fish tumors have demonstrated 
a significant correlation between PAH contamination of sediments and the elevated 
occurrence of liver tumors in bottom dwelling fish (Baumann et al. 1987). 
Understanding the cause and effect relationship between elevated PAH concentrations in 
the environment and tumor formation can be extremely difficult and challenging. Since 
sediment extracts can contain numerous compounds; it is problematic to determine the 
impact of a specific class of compounds in the complex mixture on observed elevated 
tumor frequencies. In addition, carcinogenesis observed in the field is a multistage 
process depending upon the synergetic effects of multiple compounds that alter tumor 
initiators, tumor promoters, and co-carcinogens (Balch et al. 1995). Overall, there is 
limited information available concerning the carcinogenic potential of PAHs or the 
mechanisms associated with the induction of PAH tumors in fish species.
Apoptosis is a regulated form of cell death, distinguished by activation of 
cysteine-aspartate proteases that cleave proteins, which is used as a molecular point of 
cellular regulation for biological organisms. Apoptosis is the counter-part and counter 
balance to mitosis in cellular development and the maintenance of homeostasis (Corcoran 
et al. 1994). Exposure to xenobiotic compounds can cause a significance increase in 
apoptotic cell loss during the homeostatic process, in addition to acute or chronic 
toxicological effects. Alternatively, xenobiotic compounds can cause the suppression of 
apoptosis, interfering with cell signalling, possibly resulting in pathological accumulation 
of aberrant cells and disease, potentially leading to carcinogenesis. Several studies have 
examined the impact of xenobiotic compounds on the apoptotic process in whole animals
3
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(Table i.l) and in cell culture dosing experiments (Table i.2). The mechanisms by which 
these compounds interact with specific molecular pathways and processes, such as their 
role in tumor promotion and apoptosis, is relatively unknown. In vertebrates, 
carcinogenic compounds cause mutations and alterations to oncogenes and tumor 
suppressor genes that are thought to induce chemical carcinogenesis (Balch et al. 1995). 
Therefore, the goal of this study is to examine alterations in the regulation of apoptosis 
using immunohistochemistry and by isolating and characterizing novel genetic 
biomarkers to quantify apoptosis in a bottom dwelling aquatic species that reside in PAH 
contaminated ecosystems throughout North America.
To examine the impact of PAHs, a model system using brown bullhead 
fibroblasts was utilized and a combination of immunohistochemistry and development of 
novel biomarkers employed to characterize the induction of apoptosis caused by known 
apoptotic inducers (Chapter 1). The development of novel bioindicators allows the study 
of the biochemical mechanisms responsible for induction of repair mechanisms, cellular 
proliferation, genetic stability, and cell death. To assess alterations to the apoptotic 
pathway in the presence of both specific (benzo(a)pyrene) and complex mixtures of 
PAHs in vitro, the molecular markers developed in Chapter 1 along with 
immunohistochemistry techniques were used to quantify the effects of treatment and time 
(Chapter 2). Finally, in Chapter 3 the quantification of the level of apoptosis observed in 
liver, skin, and mouth tissues isolated from field captured brown bullhead that resided in 
differing levels of persistent PAH containing environments is described.
4
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Table LI.: Changes to the apoptotic level within a variety of tissues in a range of species exposed to 
xenobiotic compounds.
Method




Increased (Wagner et al. 
1998)
Aroclor 1254 (1.5 - 10.5
pg/ml)
A/B/r/A-
hexachlorocyclohexane (10 - 
100 pM)
Lake Trout (Salvelinus 
namaycush)
Flow cytometry Increased (Sweet et al. 1998)
Cadmium (1 mg/kg fish wt.) 





Increased (Piechotta et al. 
1999)
PCB 77 (1 mg/kg fish wt.) Necrosis
PCB 77 (100/300 pM/kg) Sprague-Dawley rat TUNEL Increased (Tharappel et al. 
2002)
PCB 153 (100/300 pM/kg) Decreased
/V’-methyl-iV’-nitro-/V- 
nitrosoguanidine (6.7 pM) 
2-Aminofluorene (PAH) (6.9 
. pM)











Increased (Janz et al. 1997)
PCBs (50 -  200 pM) 
Arochlor 1254 (50 - 200 pM)
Murine splenocytes DNA
fragmentation
Increased (Byung et al. 
1997)
Cadmium (5 -  60 pM/kg) Mouse TUNEL Increased (Habeebu et al. 
1998)




Sprauge-Dawley Rat TUNEL Increased (Mangipudy et al. 
1998)
Weathered Prudhoe Bay 





Morphological Increased (Marty et al. 1997)
1 Study occurred over 180-day time course -  apoptotic level increased compared to control during initial 
exposure.
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Table i.2.: Impact of specific compounds on the apoptotic level in cell culture.




Increased (Batel et al. 1993)





Cadmiun (5 - 500pM) Rainbow trout
(■Oncorhynchus mykiss)





Human b-cells TUNEL Increased (Salas and Burchiel 
1998)
Cadmium (l-100pM) Atlantic salmon (Salmo 
salar L.)














Increased (Blankenship et al. 
1997)
6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Busch, C. (2003)
Chapter i
Sensitive genetic biomarkers for determining aquatic 
genotoxicity: Apoptosis in the brown bullhead (Ameiurus
nebulosus)
1.0 Abstract
Biomarkers are used to monitor environmentally induced alterations at the 
molecular level to assess the impact of xenobiotic compounds on organism health. 
Apoptosis is a highly regulated cellular process that controls programmed cell death and 
is involved in tumor formation. Apoptosis thus provides the basis for developing 
biomarkers for use in the field of ecotoxicology to monitor non-lethal levels of 
xenobiotic-induced cellular stress and toxicity. This study shows that a brown bullhead 
(Ameiurus nebulosus) fibroblast cell line (BB-2) responds to known apoptotic inducers 
(staurosporine, cycloheximide, and TNF-a), as characterized by TdT-mediated dUTP 
digoxigenin nick end-labelling. The impact on apoptosis regulatory genes was quantified 
using a series of newly identified bullhead genetic markers. Exposure to protein kinase C 
inhibitors altered the transcription of TFAR-15 and p23 with no effect on p53, IAP, or 
PNAS-2. Inhibition of protein synthesis caused a consistent reduction in the transcription 
of p53 and PNAS-2. This study demonstrates that novel transcriptional markers can be 
used as biomarkers to study how apoptosis is affected in brown bullhead by specific 
apoptotic inducers.
7
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1.1 Introduction
Cellular homeostasis is regulated by a balance between quiescent, proliferating, 
and dying cell populations (Blas-Machado et al. 2000). Apoptosis is the mechanism that 
controls cell numbers by regulating programmed cell death (Kerr et al. 1972). Apoptosis 
is a highly regulated and metabolically driven cellular process, which occurs in all multi- 
cellular organisms and can be identified by both morphological and molecular changes 
that occur within a cell (reviewed by Corcoran et al. 1994). Apoptosis plays a critical 
role in both development (embryogenesis and metamorphosis) and homeostasis; 
however, it can be also induced by xenobiotic DNA damage. For example, apoptosis can 
be induced by DNA adducts and strand breakage (Shugart 2000), oxidative stress 
(Winston and Di Giulio 1991), anoxia (Yaniv et al. 20032), and ionizing radiation 
(Rupnow and Knox 1999). Occasionally the rate of cell proliferation exceeds the rate of 
apoptosis leading to the induction of hyperplasia, neoplastic transformation, tumor 
expansion, and metastasis (Barr and Tomei 1994). Ecotoxicologists generally monitor 
tumors in animals rather than characterize the alterations of cellular mechanisms that 
directly affect tumorigenesis (Anderson et al. 1994).
The development of sensitive biomarkers to detect early changes in cellular 
regulatory pathways induced by anthropogenic contaminants is critical to accurately 
assess the impact of these compounds on organism health. Sub-lethal concentrations of 
pollutants have been demonstrated to affect behaviour, growth, maturation, migration, 
and reproduction (Bickham et al. 2000). Such alterations can have critical population 
effects without causing observable increases in mortality (Sarokin and Schulkin 1992). 
However, anthropogenic compounds, present in industrialized areas, can increase the 
prevalence of tumor formation (Balch, 1995). A goal for environmental monitoring of
8
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anthropogenic compounds is the early detection of specific alterations to homeostatic 
mechanisms, such as apoptosis, to serve as a potential early indicator of hyperplasia 
(Lyons-Alcantara et a l 1998). Apoptosis is tied to immune function, tumor progression, 
development, fertility and physical function -  all factors that are associated with an 
organism’s fitness. Investigations of apoptotic induction in vivo are rare, especially 
concerning altered apoptotic rates in response to anthropogenic stressors (Piechotta et al. 
1999). Currently, tumor presence and tumor-associated lesions are used as biomarkers of 
carcinogenic environmental compounds at high concentrations. Tumor formation is a 
late end-point indicator of environmental contamination. Novel bioindicators of 
genotoxicity, using early & late stage molecular apoptotic markers, would allow the 
determination of alterations in the homeostatic process prior to the onset of cancerous cell 
proliferation, and could be used as a monitoring tool for non-point and point source 
pollution, prior to irreversible health effects. The challenge to ecotoxicology is to 
develop novel biomarkers that can detect the impact of contaminants on the apoptotic 
process, prior to tumorigenesis, through the creation of a suite of molecular probes that 
can quantify perturbations in the various apoptotic pathways.
Aquatic organisms closely interact with their environment, and thus are uniquely 
susceptible to the single and synergistic effects of the large range of aquatic contaminants 
present in such environments. Contaminants in the Great Lakes, including 
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), 
insecticides, and heavy metals (Nisbet 1998), have been implicated in the alterations of 
normal physiology (Baumann 1992) and molecular signalling pathways of fish (Shugart 
and Theodorakis 1994). Alterations in the level of apoptosis have been observed in 
numerous aquatic organisms such as Gulf Killifish (Fundulus grandis) when exposed to
9
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N-methy 1-N’ -nitro-N-nitrosoguanidine (MNNG) (Blas-Machado et al.2000), rainbow 
trout {Oncorhynchus my kiss) degenerating olfactory neuron and epithelial tissue when 
exposed to copper (Julliard et al. 1996), (Lyons-Alcantara et al. 1998), and carp 
(Cyprinus carpio) epithelial cells dosed with cadmium (Iger et al. 1994). Investigation of 
complex contaminant mixtures have also demonstrated elevated levels of apoptosis in 
both white sucker (Catostomus commersoni) ovarian follicles affected by bleach kraft 
pulp mill effluent (Janz, et al. 1997), and dab {Limanda limanda) experimentally treated 
with both cadmium and PCB congeners 77 & 118 (Piechotta et al. 1999). Overall, 
numerous studies have suggested that aquatic organisms, when exposed in the long-term 
to genotoxic compounds, may exhibit alterations in the molecular regulation of apoptotic 
genes.
In this study, the induction of apoptosis in the brown bullhead {Ameiurus 
nebulosus), in vitro was examined. Specifically, it determined whether a brown bullhead 
fibroblast cell line responded to known apoptotic inducers and whether it was possible to 
characterise the induction of apoptosis by quantifying the transcription of apoptotic 
regulatory genes. Using a brown bullhead partial cDNA library, a suite of novel 
apoptotic markers were isolated. A bullhead fibroblast cell line was exposed to known 
apoptotic inducers and transcriptional activity quantified using the isolated molecular 
markers. Furthermore, this study demonstrates that this cell line undergoes apoptosis 
when exposed to specific apoptotic inducers (staurosporine, cycloheximide, and tumor 
necrosis factor - TNF-a) and that these novel apoptosis-related genes responded as 
expected to the induction of apoptosis. Thus, the suite of apoptosis-related genes 
described here are suitable as biological indicators for ecotoxicological studies in aquatic 
environments.
10
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1.2 Methods and Materials
1.2.1 Apoptosis Induction
An adherent brown bullhead fibroblast cell line (BB-2) (American Type Culture
' j
Collection, VA, USA) was plated on 15-cm plates containing Eagle’s minimum essential 
medium (Sigma-Aldrich Corp, MO, USA), fetal bovine serum (10%), 0.1 mM MEM 
non-essential amino acids, with 2mM L-glutamine, 50 units/mL of penicillin G (sodium 
salt) and 50 pg/mL of streptomycin sulfate, 0.2 pL/mL sodium bicarbonate (7.5% w/v), 
and 1.0 mM sodium pyruvate, fungizone anti-mycotic (1 pg of amphotericin B & sodium 
desoxycholate per ml). Cultures were incubated at 26.0°C in an atmosphere containing 
5% CO2 . The cell lines were grown to confluence and split (1:10 ratio), multiple times 
until required cell amounts were obtained, using fresh 0.25% trypsin and re-cultured on 
either 60-mm2 plates (RNA transcription experimentation) or 24 well tissue culture 
plates, each well containing an acid-washed glass coverslip for TdT-mediated dUTP 
digoxigenin nick end-labelling (TUNEL) purposes. Once cell lines reached 90% 
confluence, media was replaced with fresh minimal essential media. The BB-2 cell line 
was dosed with either dimethyl sulfoxide (DMSO), cycloheximide (3-[2-(3,5-Dimethyl- 
2-oxocyclohexyl)-2-hydroxyethyl] glutarimide) (20 pg/mL), staurosporine streptomyces 
(1 mM), or tumor necrosis factor (rhTNF -  a)(Promega, WI, USA) (0.1 ng/pL). The 
treated cell lines were maintained for 0, 1, 2, 4, 8, 12, 24, and 72 hours at 26.0°C in an 
atmosphere containing 5% CO2 . At specified experimental time points, cells grown on 
coverslips were fixed in 3.7% formaldehyde for TUNEL analysis and cells cultured on 
60-mm plates were used for RNA extraction.
The 3'-OH termini generated because of fragmentation by apoptosis were labelled 
with modified nucleotides by terminal deoxynucleotidyl transferase (TdT). After
11
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fixation, the cells were incubated in 0.5% Triton X-100 (Fisher Scientific, ON, CDN), 
rinsed in lx PBS, and TdT applied. This process was carried out using an ApoTag in situ 
detection kit (Serologicals Corporation, GA, USA) following the manufacturer’s 
protocol.
Cell culture specimens were viewed using a Zeiss Aioskop microscope with Q- 
imaging’s high resolution Retiga digital camera equipped with a computer controlled 
RGB LCD filter. Apoptotic levels were determined by using Northern Eclipse image 
analysis (Empix Imaging’s V6.0) at 20X magnification for three replicates.
1.2.2 Apoptosis related brown bullhead gene identification
Liver tissue was obtained from a sexually mature male brown bullhead (~ 250g
body weight). Total RNA was extracted using the TRIzol ® reagent (Invitrogen Canada 
Inc., Ontario, CDN) and poly A+ mRNA was purified by a single oligo-(dT) cellulose 
chromatography column from an mRNA purification Kit (Amersham Pharmacia Biotech 
Inc., NJ, USA). The quality of the total RNA and poly A+ mRNA was verified by 
agarose gel electrophoresis of approximately 10 pg total RNA or 5 pg mRNA on a 1% 
agarose gel in 0.5x TBE buffer. Bullhead liver complementary DNA (cDNA) synthesis 
was completed using a TimeSaver cDNA Synthesis Kit (Amersham Pharmacia Biotech 
Inc., NJ, USA), following the manufacturer’s procedures. Briefly, cDNA synthesis was 
catalyzed by moloney murine leukaemia virus reverse transcriptase in the presence of an 
oligo(dT)ig primer (0.5 fig) and 5 fig of total RNA. Addition of EcoR I / N o /1 adaptors 
was followed by ligation into ExCell No/ I/EcoR I/CIP vector (Amersham Pharmacia 
Biotech Inc., NJ, USA). Ligated vector product was purified and packaged in vitro using 
Gigapack III Gold packaging extract (Stratagene Cloning Systems, CA, USA). The 
bullhead primary library was amplified and aliquots of the library were stored at -70°C.
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Single cDNA clones were established after a mass in vivo release of phagemid 
pExCell from the amplified cDNA library following the manufacturer’s instructions 
(Amersham Pharmacia Biotech Inc., NJ, USA). The released culture was grown 
overnight at 37°C, in LB containing ampicillin (100 pg/ml) and phagemid DNA was 
prepared from 5 ml of overnight bacterial culture using a Ultraclean ™ Plasmid Mini 
Prep Kit (MoBio Laboratories, CA, USA). Isolated DNA was amplified by the 
polymerase chain reaction (PCR) using degenerate primers, composed of conserved 
apoptotic sequences from a wide range of taxa (including mammals, fish, and molluscs), 
at various annealing conditions (50°C, 55°C, and 60°C -  temperature ranges). The 
screening PCR reactions were performed in 25.0 pL volumes; 1.0 pL purified pExCell 
phagemid DNA, 2.5 pL lOx PCR buffer (Invitrogen Canada Inc., Ontario, CDN), 25mM 
MgCE, lOmM dNTPs, primers (lOmM), and 5 U of Taq polymerase (Invitrogen Canada 
Inc., Ontario, CDN). PCR products were analysed by electrophoresis through a 1.8-% 
agarose gel and sizes determined by comparison to a lkb molecular size standard 
(Promega, WI, USA).
PCR products were purified using an Ultraclean ™ PCR Clean-up Kit (MoBio 
Laboratories, CA, USA) and resuspended in 20 pL ddfLO. Purified product was blunt 
ended and ligated into pBluescript SK+ (Sma I cut) (Stratagene Cloning Systems, CA, 
USA).
Plasmids containing inserts above 250 bps were sequenced using a DTCS Quick 
Start Kit (Beckman Coulter, CA, USA), following the manufacturer’s instructions, using 
sense M13 (5’-TTG TAA AAC GAC GGC CAG T-3’) and anti-sense M13 (5’-GGA 
AAC AGC TAT GAC CAT G-3’) oligonucleotide primers to maximize sequence reads. 
A translated query using the Blastx2.2.4 search logarithm was completed for all cloned
13
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and sequenced putative apoptotic PCR products. Only individual clones that showed 
high similarity (>10"7) to known apoptotic regulatory sequences are reported.
PCR primers were designed (Table 1.1) using OMIGA (Accelrys, MA, USA) 
under specific design constraints; length between 1 8 - 2 2  bps, GC content 40 -  60%, and 
Tm between 45 and 65°C. The apoptosis regulatory genes were amplified by polymerase 
chain reaction using protocols as described above, however the optimized annealing 
temperatures and thermal cycler parameters differed (Table 1.1).
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Table 1.1: Genes and primers utilized in the characterization of apoptosis in a brown bullhead cell line (BB-2)
Name Direction Sequence (5'-3') Gene Accession Homology Sequence Match
Score
Temp Cycles
pS5 F CACACTGACCACAACAACC P55 c-fos proto-oncogene AY326792 C-for, Ctenopharyngodon 
idella (Grass Carp)
8 e ‘M 47 26
R TATAGCGTGAGCAGAGTGG
p23 F CAGCTACGACAAGAAGTCC Translationaily-controlled 
tumor protein
AY219037 Translationaily-controlled 
tumor protein, Danio rerio
6 e "37 47 32
R TTTCTCGATCTCAAGACC (Zebra fish)
p53 F AAGATTAATGATGGTCTGGAGC Tumor suppressor p53 AY219036 Cellular tumor antigenp53, 
Ictalurus punctatus (Channel




F GAAAATGCTCTTCGGAAAATGC Tumor susceptibility protein 
101
AY219035 Tumor susceptability protein 
101, Che Ionia my das (Green
l e ' 5i 55 32
protein R GAAAACGACAATCATCACC turtle)
PNAS-2 F AGAAAAGAAGCAGAGAGC Apoptosis-related protein 
PNAS-2 (PNAS-2)
AY326793 Apoptosis related protein, 
Homo sapien (Human)
l e ' “ 50 31
R TCAGACACTTAAAGACACC
TFAR-15 F AACAACTTCCGTCTTTT AGC TF-1 cell apoptosis related 
protein-15 (TFARX5)
AY326790 TF-1 cell apoptosis related 
protein, Mus musculus
2 e ~22 55 31
R TCTCGACATTCTTCTTCTCC
1AP F AATTCCACAACAAACGTACACC INHIBITOR OF APOPTOSIS 
PROTEIN (1AP)
AY326791 Inhibitor o f apoptosis protein 
-  1, Ictalurus punctatus
3 e - 19 50 30
R GCGT ACAGT GCCCTTT ACC (Channel catfish)
15
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1.2.3 Apoptosis induction effects on marker expression
Total RNA was isolated, using the TRIzol ® reagent (Invitrogen Canada Inc.,
Ontario, CDN), from trypsinized cells at each of the experimental time points and 
treatment using the manufacturer’s instructions. Total RNA (5 fig), 1 pL dNTPs (lOmM 
each dATP, dCTP, cGTP, and dTTP), and 0.5 pg oligo(dT)ig primer were incubated at 
65°C for 5 minutes and placed on ice. A reaction mixture was prepared for the first- 
strand cDNA synthesis containing 2 pL RT buffer (250 mM Tris-HCl (pH 8.3), 375 mM 
KC1, 15 mM MgCla), 4pL 25mM MgCla, 2 pL DTT (0.1M), and RNaseOUT™ 
recombinant RNase Inhibitor (40U) added to the RNA/primer mixture and incubated at 
42 °C for 2 minutes. Superscript II RNase H" reverse transcriptase (50U) was added 
directly to each reaction, mixed, incubated at 42°C for 50 minutes. The reaction was 
terminated by heating to 70 °C for 15 minutes and chilled on ice.
Quantification of RNA transcription levels was accomplished by reverse 
transcription polymerase chain reaction (RT-PCR). The PCR reactions were performed 
following previously stated reaction chemistry, except template consisted of 1.0 pL 
cDNA from the reverse transcription process. A standard thermocycler protocol on a 
Tetrad thermocycler (MJ Research, MA, USA) was followed; 120 second denaturation 
cycle (94°C), followed by specific number of predetermined cycles (Table 1.1) of; a 60 
second denaturation (94°C), with various annealing temperatures (Table 1.1), a 90 second 
extension (72°C); and a final 5 minute extension (72°C). To detect differences between 
the level of transcription of specific samples an internal primer that amplifies the 18S 
ribosomal RNA fragment (F: 5’-CTT TCG ATG GTA GGA TAG TGG CCT-3’ ;
16
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R: 5’-CAA TGA ICC TTC CGC AGG TTC ACC TAC-3’) was used to allow standard 
determination of relative differences between sampling treatments and times.
PCR products were visualized by ethidium bromide stained gel electrophoresis. 
RT-PCR product (10 pL) was loaded onto a 1.8-% agarose gel and size determined by 
comparison to a known 1Kb DNA standard (Promega, WI, USA). Digital image of 
fluorescent banding patterns was electronically captured using a BioDoc-It ™ 2UV 
system utilizing a on-chip interline transfer CCD camera (UVP, CA, USA). Band density 
and quantification was completed using Lab Works (version 4) (UVP, CA, USA), to 
determine borders of the DNA bands, absolute quantification, and relative quantification 
(ratio of specific band to control band).
1.2.4 Statistical analysis
Results from each treatment are presented graphically by biomarker, and are
reported as mean ± standard error values. Among treatment comparisons of means for 
each biomarker were made using a one-way analysis of variance (ANOVA) and a post- 
hoc Bonferroni test to examine difference among individual means (p<0.05). 
Comparisons of apoptotic level (pre- and post-induction) were completed utilizing a 
Bonferroni pairwise comparison test. All statistical tests were performed using SYSTAT 
(version 7.0) (SPSS, IL, USA).
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1.3 Results and Discussion
1.3.1 Apoptotic induction in cell line:
Bullhead fibroblast cells treated with staurosporine demonstrated elevated
numbers of pycnotic cells when observed by light microscopy, regardless of treatment 
time, whereas low numbers of dying cells were detected in the DMSO treated “control” 
cells. Dying cells demonstrated specific morphological changes (i.e. cytoplasmic 
compaction, chromatin margination, and cell fragmentation) that are characteristic of 
apoptosis. Immunohistochemistry (TUNEL) results confirmed the visual observations 
indicating that brown bullhead fibroblasts undergo apoptosis when exposed to known 
apoptotic inducers. Results of the quantitative analysis are presented graphically (Figure 
1.1). In the control group (cells that were exposed to DMSO) the mean apoptotic level 
detected by TUNEL did not vary significantly from the onset of the experiment. Cells 
exposed to staurosporine demonstrated a statistically significant increase in the level of 
apoptosis during the experiment. TNF-a exposure caused cells to undergo apoptosis 
during the later sample times, although this was not significant; however, apoptosis was 
consistent and low throughout the first 12 hours. The cycloheximide treatment caused a 
significant increase in the level of apoptosis at 2 hours - post induction. Thus the brown 
bullhead fibroblasts experienced elevated apoptosis, as measured by TUNEL, when 
exposed to both protein kinase and protein synthesis inhibitors.
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Figure 1.1: Induction of apoptosis, as determined by TUNEL, in a brown bullhead fibroblast cell line 
(BB-2) when exposed to DMSO (solvent control), staurosporine (protein kinase inhibitor), TNF-a, 
and cycloheximide (protein synthesis inhibitor)(**-p<0.01; ***-p<0.001).
19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Busch, C. (2003)
1.3.2 Isolation o f A poptotic Markers
Using degenerate primer PCR, 27 cDNA sequences were identified from the
brown bullhead, of these markers, nine showed similarly to reported apoptotic regulatory 
genes (PCNA, p55, CRK, p23, p53, TSP, PNAS, TFAR, and IAP; accession numbers 
shown in Table 1.1). One brown bullhead cDNA sequence matched a matrix 
metalloproteinase gene product; however it was not pursued further. The TF-cell 
apoptosis related protein (TFAR) was initially isolated in a human premyeloid cell line 
and is thought to be up-regulated upon apoptosis induction (Liu et al. 1999). The p53 
gene plays a fundamental role in the maintenance of homeostasis, growth control, and is 
frequently over expressed in tumor cells. In human cancer development, p53 is thought 
to be one of the most often mutated genes (Amundson et al. 1998). The p23 is a 
cytosolic protein, which occurs as an untranslated ribonuclear protein particle and has 
been shown to be correlated to growth state (Bommer et al. 2002); however, its’ direct 
role in cellular proliferation is unclear. The tumor susceptibility gene (TSP) is known to 
interact with stathmin, a cytosolic phosphoprotein implicated in tumorogenesis. The 
expression of this gene appears to be important in genomic stability and cell cycle 
regulation, in vivo. One sequence isolated contained a region with high homology to a 
gene product of an inhibitor of apoptosis protein (IAP). Inhibitors of apoptosis proteins 
are comprised of a group of proteins with an anti-apoptotic effect. This product functions 
to inhibit caspase -3 and -7 activity at various stages in the apoptotic pathway (Deveraux 
and Reed 1999). In addition, a specific mechanism of cell death involves the inhibition 
of IAP functionality causing increased caspase -31-7 activity (Du et al. 1999). The 
isolated proliferating cell nuclear antigen (PCNA) gene product has been shown to be 
transcriptionally elevated in cells undergoing rapid proliferation and commonly used in
20
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prostate cancer screening (Crook et al. 1997). p55 is a phosphoinositide-3-kinase 
regulatory subunit that functions in immune response (Suvannavejh et a l, 2000), 
specifically, as a T-cell surface glycoprotein CD4 precursor. CD4 represents a critical 
turning point that governs the apoptotic and survival programs in T cells, without 
modifying the physical association with the TCR-CD3 complex (Tuosto et al. 2002). 
PNAS-2 is a protein that is thought to be associated with apoptosis. Finally, CRK is a 
member of an adaptor protein family that is responsible for the binding of several 
tyrosine-phosphorylated proteins and plays a pivotal role in cellular proliferation, 
differentiation, and migration (Nishihara et al. 2002).
1.3.3 Transcriptional quantification o f genetic markers upon apoptotic 
induction
Seven novel primer sets were used to amplify apoptotic genes products in RT- 
PCR that demonstrated expression in the brown bullhead fibroblast cell line (BB-2). 
These markers detected gene expression changes when cells were exposed to specific 
apoptotic inducers. Gene products for p23, p53, p55, TSP, PNAS-2, TFAR-15, and IAP 
were quantified from RNA isolated from a fibroblast bullhead cell line (BB-2) exposed to 
staurosporine, cycloheximide, TNF-a, and DMSO sampled at 0, 1, 2, 4, 8, 12, and 24 
hours. None of seven apoptotic markers showed any statistical differences in the level of 
expression in response to DMSO (control).
PCNA, CRK, and p55 could not be used in the quantification of apoptosis in this 
model system. These three cDNA markers demonstrated a high level of homology with 
apoptotic regulatory genes but did not either amplify reliably or did not demonstrate 
significant levels of transcription for quantification. However, these three may still be
21
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useful in future quantification experimentation on the impact of complex xenobiotic 
mixtures on the apoptotic process.
IAP: The addition of staurosporine to the cell culture medium caused a consistent 
reduction of IAP over the dosing time-frame as compared to the control (Figure 1.2). 
However, a strong down-regulation of IAP occurred when exposed to TNF- a, suggesting 
that even though apoptotic bodies were not present in high amounts, as detected by 
immunohistochemistry, there is an additional pathway being affected causing the 
observed transcriptional reduction. Cycloheximide treatments caused an overall increase 
in the transcriptional level of IAP, although there were no significant differences between 
the individual sample times and time zero. The inhibitor of apoptosis protein gene (IAP) 
codes for a protein family member that inhibits apoptosis by binding to the tumor 
necrosis factor receptor associated factors (TRAF-1 & TRAF-2) to interfere with 
activation of ICE-like proteases (Deveraux and Reed 1999). IAP is down-regulated 
consistently with exposure to TNF-a (Figure 1.2), allowing for the cleavage of 
procaspase-8 and downstream activation of effector caspases, leading to elevated levels 
of apoptosis. Increased transcription at the 8 hour time period when exposed to 
cycloheximide would cause the formation of a complex with the ability to block 
activation of specific death substrates.
P53: The transcription of a gene product that demonstrated high homology to a 
53kDA apoptosis protein (p53) was significantly affected by the presence of 
cycloheximide: the level of expression detected was consistently reduced during the 
entire exposure regime (Figure 1.3). This is opposite to the response to the addition of 
TNF-a, when the transcriptional level increases during the first four hours compared to
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Figure 1.2: Transcriptional changes in an inhibitor of apoptosis protein gene {IAP), isolated from 
brown bullhead fibroblast cells (BB-2), in response to exposure of DMSO, Staurosporine, TNF-a , 
and Cycloheximide. (* - p<0.05; represents significant differences among treatments)
23
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Busch, C. (2003)








12 242 4 6 81
Time (Hrs.)
Figure 1.3: Transcriptional changes of a pS3 gene, isolated from brown bullhead fibroblast cells (BB- 
2), in response to exposure of DMSO, Staurosporine, TNF-a , and Cycloheximide over a 24 hour 
period. (* - p<0.05; representing significant differences among treatment)
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initial exposure, and then decreases for the remaining time series (Figure 1.4). This 
indicates that TNF-a interacts with a specific signalling pathway to stimulate p53 
induction. p53 acts as a tumor suppressor, by binding to specific genomic sites with a 
consensus binding site to act as a tetramer to stimulate expression of downstream genes 
that negatively control growth and/or are mediators of apoptosis (Trump et al. 1998). 
The level of transcription was significantly decreased in fibroblasts exposed to 
cycloheximide. Cycloheximide impacts the apoptotic process by inhibiting protein 
synthesis causing elevated levels of apoptosis. Increased levels of p53 expression 
impacts a large number of apoptosis related genes (Oda et al. 2000). The observed 
decrease in p53 transcription could cause activation of downstream mediators of 
apoptosis, leading to the observed increase in TUNEL positive cells. It is surprising that 
the same pattern was not observed when BB-2 cells were exposed to staurosporine. 
However, this treatment is an extremely potent apoptotic inducer as compared to 
cycloheximide, possibly causing cells to undergo apoptosis much more rapidly, relative 
to protein inhibition.
PNAS-2: This gene product showed high sequence similarity to a protein that is 
hypothetically thought to be involved in apoptosis within human cell culture 
experimentation. However, there are no studies characterizing this protein. PNAS-2, was 
consistently down-regulated in the presence of cycloheximide, at all times (Figure 1.4). 
The impact of TNF-a caused an initial decrease in the level of PNAS-2, as detected by 
RT-PCR, however this decrease was reversed at the 6 hr point where it continued to 
increase for the remaining experimental period. It is hypothesized that PNAS is involved 
in cell proliferation, as observed transcriptional levels increase in untreated controls.
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Figure 1.4: Transcriptional changes of proliferating nuclear antigen sub-unit protein (PNAS-2) gene, 
isolated from brown bullhead fibroblast cells (BB-2), in response to exposure of DMSO, 
Staurosporine, TN F-a, and Cycloheximide over a 24 hour period. (* - p<0.05; represents significant 
differences among treatments)
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This protein is also down regulated, through an unknown signalling pathway, on 
exposure to protein inhibitors, such as cycloheximide (Figure 1.4).
TFAR: TF-1 cell apoptosis related protein-15 (TFAR-15 or PDCD-10) was over­
expressed, relative to the 18S control, at the 1, 2, 6, and 8 hour samples when exposed to 
staurosporine (Figure 1.5). In addition, when compared to time zero, the transcriptional 
level for all time series was significantly different (p<0.05), compared to other 
experimental treatments, when staurosporine was present. The addition of cycloheximide 
and DMSO did not seem to affect the level of expression at any time within this 
experiment. TNF- a caused an initial spike in the level of gene product produced until 
the 4 hour time frame when the level was then down regulated for the remaining 
exposure period. TFAR-15 is a member of the programmed cell death family of proteins 
that has been identified to associate with mitochondrial permeability pore opening, 
decreased membrane potential, and the promoted release of cytochrome c. My results 
demonstrate that TFAR-15 (PDCD-10) is transcriptionally up-regulated during induced 
apoptosis caused by the potent inhibition of phospholipid/Ca’H" dependent protein kinase 
and protein kinase C. PDCD family members are uniformly distributed among cells and 
can be rapidly translocated to the nucleus of cells undergoing apoptosis (Liu et al. 1999). 
Therefore they can act as an early warning indicator of increased cellular apoptosis, and 
thus TFAR-15 & other PDCD family members will be useful markers for the detection of 
early changes in apoptosis, especially if  combined with other conventional apoptotic 
markers (i.e. phospotidyl serine extemalization and DNA fragmentation).
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Figure 1.5: Transcriptional changes o f TF-1 cell apoptosis related protein-15 (TJvlff-15/PCPD-lS) 
gene, isolated from brown bullhead fibroblast cells (BB-2), in response to exposure of DMSO, 
Staurosporine, TNF-a, and Cycloheximide over a 24 hour period. Transcriptional levels differed 
significantly (p<0.05) when exposed to staurosporine compared to other treatments.
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TSP: The level of gene product of a tumor susceptibility protein (TSP) 101 gene 
was not significantly changed by the presence of either TNF-a or cycloheximide (Figure 
1.6). However, the transcriptional activity of TSP was drastically affected by 
staurosporine. At the 8-hr (p=0.000) and 12-hr (p=0.000) sample there was nearly a 14- 
fold difference between the level of transcription of the TSP gene product. This dramatic 
change in transcription could be caused by alterations in the ability of the cells to perform 
repair tasks and the switch to programmed cell death.
p23: The transcriptionally controlled tumor protein (p23) was down-regulated 
throughout the experiment when exposed to TNF- a (Figure 1.7). In contrast, when the 
cells were exposed to staurosporine, an increase in the amount of gene product was seen, 
indicating that p23 is up-regulated. Cycloheximide addition affected the level of 
expression by causing an initial increase in expression for the first two hours of exposure 
where at the 4 hour period the level of expression decreased causing a reduction in the 
transcription of the p23 gene product. Gene expression data for p23 does not provide 
consistent results for changes in transcription levels depending on the treatment used. 
Protein kinase C and protein synthesis inhibitors increased the transcriptional level 
suggesting that elevated apoptotic levels caused increased p23 transcription. In cells 
undergoing invasive cell division, i.e. cancerous proliferation, transcription of p23 
becomes inhibited (Bommer et al. 2002). Thereby, p23 transcription may become 
elevated in cells attempting to balance cell division and cell death. The impact of TNF-a 
caused an observed reduction in p23, possibly indicating unbalanced gene expression. 
However, no firm conclusions can be drawn because p23’s role in cell proliferation and 
function is unclear.
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Figure 1.6: Transcriptional changes of a tumor susceptibility protein (TSP) gene, isolated from 
brown bullhead fibroblast cells (BB-2), in response to exposure of DMSO, Staurosporine, TNF-a , 
and Cycloheximide over a 24 hour period. * - indicates statistically significant (p<0.05) from initial 
induction.
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Figure 1.7: Transcriptional changes of a translationally controlled tumor protein (P23) gene, isolated 
from a brown bullhead fibroblast (BB-2) cell line, in response to exposure to known apoptotic 
inducers -  staurosporine, TNF-a, and cycloheximide. (* - p<0.05; represents significant differences 
among treatments)
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1.4 Conclusion
The goal of this study was to isolate a novel suite of brown bullhead apoptotic 
markers, and to determine their response to known apoptotic inducers. The ability of 
various markers to monitor levels of apoptosis, at differing stages, makes them viable 
markers of apoptosis in brown bullhead fibroblasts. Further characterisation of these 
markers would also help elucidate the signalling mechanisms, protein/protein 
interactions, docking of cell death receptors, and regulation of cell signalling events that 
lead to the morphological and biochemical responses observed in apoptosis. Five of the 
genes isolated in this study are sensitive biomarkers of apoptosis in the brown bullhead. 
This suite of markers provides information on cell proliferation, early stage apoptotic 
processes, inhibitory gene expression, and the status of mitochondrial function during 
apoptosis. The use of immunohistochemical and RT-PCR methods can be an informative 
technique in the assessment of apoptosis both in vivo and in vitro. TUNEL is a relatively 
inexpensive tool, although time consuming, that can be combined with cell proliferation 
determination, to gain insight into cell division rates. Utilizing a combination of 
molecular biomarkers isolated from a single sample allows for the examination into 
numerous pathways within the apoptotic processes. The creation of a novel suite of 
genetic markers capable of detecting levels of apoptosis in aquatic organisms has great 
promise as a risk assessment tool of physiological impairments in contaminated aquatic 
environments. This suite of apoptotic markers, utilizing both in situ and transcriptional 
biomarkers, will have applications in future environmental assessments to strengthen 
current methodologies for determining chemical exposure hazards and may provide a 
base on which future field validation and assessment studies can be developed. Future
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investigations characterizing apoptosis in the presence of xenobiotic compounds such as 
(polycyclic aromatic hydrocarbons) and determining how the apoptotic process is altered 
in contaminated environments have been completed using these markers (Chapter 2 and 
Chapter 3). The incorporation of these biomarkers into field studies will allow 
environmental toxicologists to gain better insight into the carcinogenic process in feral 
aquatic organisms.
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Chapter 2
Characterization of apoptosis in brown bullhead (Ameiurus 
nebulosus) fibroblasts exposed to PAHs using genetic apoptotic
regulatory biomarkers.
2.0 Abstract
The impact of xenobiotic compounds on native species is an important issue in the field 
of ecotoxicology. In aquatic ecosystems, organisms are exposed to complex mixtures of 
compounds in both the water column and the sediment. In this study, the expression of 
six different apoptotic regulatory genes (p23, p53, TFAR, IAP, TSP, and PNAS; Chapter 
1) were assayed along with immunohistochemical analysis to examine the impact that a 
complex mixture, consisting of 16 of the most frequently occurring PAHs, and 
benzo(a)pyrene have on apoptosis in a fibroblast cell line (BB-2) isolated from the brown 
bullhead (Ameiurus nebulosus). Exposure to various concentrations of PAHs was found 
to cause an increased level of apoptosis in the BB-2 cells, as determined by TdT- 
mediated dUTP digoxigenin nick end-labelling (TUNEL). Furthermore, significant 
changes in the transcription of apoptotic regulatory genes were observed, as detected by 
RT-PCR. The observed changes in transcription of apoptotic regulatory genes occurred 
either rapidly (within the first three hours) for PNAS and p23, or delayed (time course) 
for p53, TFAR-15, IAP, and TSP. This suggests that bullhead apoptotic regulatory genes 
may be differentially regulated depending on exposure (early or late stage apoptosis). 
These results indicate that PAHs impact the apoptotic pathway by altering the 
transcription of apoptotic regulatory genes and that the level of apoptosis is directly 
affected by the presence of complex mixture or single PAHs. Furthermore, the 
combination of apoptotic quantification and characterization of transcriptional changes
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due to PAHs demonstrate that these novel molecular biomarkers could be used to detect 
alterations to the apoptotic pathway by PAHs in natural populations of the brown 
bullhead.
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2.1 Introduction
The effects of xenobiotic contaminants on organisms have become one of the 
most serious causes for concern in our society. Thus, it is of critical importance to 
quantify the impact of human activities on biological organisms and ecosystems, prior to 
the onset of large-scale ecological impacts (Shugart and Theodorakis 1994). There is a 
need for sensitive, accurate and relevant biomarkers that can detect xenobiotically 
induced perturbations in cellular or biochemical processes and function (National 
Research Council 1989). One class of persistent compounds found frequently in the 
environment is polycyclic aromatic hydrocarbons (PAHs). PAHs are formed thru 
incomplete combustion of organic compounds, are broadly distributed in the 
environment, and demonstrate a mutagenic nature and carcinogenic toxicity (Dipple 
1983). However, the mechanisms by which these compounds interact with specific 
molecular pathways and processes, such as their role in tumor promotion and apoptosis, 
is relatively unknown. In vertebrates, carcinogenic compounds cause mutations and 
alterations to oncogenes and tumor suppressor genes that are believed to induce chemical 
carcinogenesis (Balch, 1995). The development of novel bioindicators would allow the 
study of the biochemical mechanisms responsible for induction of repair mechanisms, 
cellular proliferation, genetic stability, and cell death.
The response of organisms in aquatic environments to substances that alter gene 
expression and regulation is complicated by the presence of multiple pollutants occurring 
in both the sediment and water column. PAHs undergo biotransformation (predominately 
via CYP1A enzyme-mediation) to form reactive DNA diol-epoxide metabolites that have 
the ability to interact with DNA (Varanasi et al. 1982) causing alterations to the
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regulation of cellular processes (Breimer 1990); such as DNA adducts in mugil (Mugil 
auratus) (Kurelec et al. 1989), anaphase aberrations in echinoid (Phylum Echinodermata) 
(Everaarts et al. 1994), and elevated levels of DNA fragmentation in dab (Limanda 
limanda) (Piechotta et al. 1999). Benzo(a)pyrene (B(a)P) alone also demonstrates 
carcinogenic activity when metabolised (Metcalfe et al. 1997 and Yuan et al. 1997). 
Increased levels of PAH parent compounds and their highly reactive metabolites, formed 
by oxidation of B(a)P, have been detected in liver, muscle, bile, stomach, and/or 
intestinal samples o f fish that either reside in contaminated ecosystems or consume 
contaminated prey items, such as the brown bullhead (Ameiurus nebulosus) (Baumann et 
al. 1987), Atlantic tomcod (Microgadus tomcod) (Wirgin et al. 1990), English sole 
(Parophrys uetula) (Krahn et al. 1986), winter flounder (Pseudopleuronectes 
americanus) (Laroche et al. 2002), and white sucker (Catostomus commersoni) (Hayes et 
al. 1990). Studies have demonstrated that fish residing near sediment contaminated with 
PAHs, have higher incidences of tumor formation (Baumann et al. 1987). The formation 
of liver lesions is hypothesized to be caused by the ingestion of PAHs and the induction 
of metabolic alterations to the PAH structural conformation brought about by the 
membrane-bound mixed-function oxidase system.
Apoptosis is a metabolic, genetically encoded, and evolutionarily selected cell 
death pathway that controls cell proliferation (Kerr 1972). In most tumors, the increased 
numbers of cells during the development of neoplasias is not only due to an increased 
mitotic rate, but also due to a diminished rated of cell deletion caused by suppressed 
apoptosis (Goldsworthy et al. 1996). The impact of environmental contaminants (such as 
PAHs) on the apoptotic pathway has not been examined in detail, especially in aquatic
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organisms that may be exposed to elevated doses of complex mixtures of PAHs. 
Previously described work (Chapter 1) demonstrated that bullhead fibroblast cells have 
the ability to undergo apoptosis which can be characterized using both 
immunohistochemistry and transcriptional profiling. Initial field observations have 
demonstrated an increased level of apoptosis when whole organisms are exposed to 
contaminants; i.e. lake trout (Salvelinus namaycush) exposed to Aroclor 1254 (Sweet et 
al. 1998), white sucker (Catostomus commersoni) exposed to bleach kraft pulp mill 
effluent (Janz et a l 1997), and pink salmon (Oncorhynchus gorbuscha) treated with 
weathered crude oil mixtures (Marty et al. 1997). Experiments using primary cell lines, 
derived from aquatic organisms, treated with various chemical contaminants also 
demonstrate alterations to cellular homeostasis in Atlantic salmon (Salmo salar L.) 
exposed to cadmium (Grosvik and Goksoyr 1996), marine sponge (Geodia cydonium) 
exposed to methyl mercury (Batel et al. 1993) and brown bullhead fibroblasts exposed to 
staurosporine, TNF-a , and cycloheximide (Chapter 1). Therefore, exposures to 
xenobiotic compounds can alter the balance between cell death and cell division. Genetic 
biomarkers that have the capability to characterize these alterations in the apoptotic 
pathway would have extensive applications in ecotoxicology because of their ability to 
quantitatively and qualitatively measure xenobiotically induced cell stress and toxicity 
(Sweet et al. 1999). Furthermore, since tumor formation is a relatively insensitive and 
late stage indicator of contaminant impacts there is a need to test recently developed 
novel markers (Chapter 1) for their ability to detect early stages of toxicity for use in the 
study of environmentally-relevant toxicology.
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This study investigates the impact of PAHs on the regulation and level of 
apoptosis in brown bullhead cells through the measurement of regulatory gene expression 
and the incidence of apoptotic cells using TUNEL. The characterization of 
xenobiotically induced or repressed levels of apoptosis may allow the detection of subtle 
and reversible alterations in the normal activity of cells to aid in the elucidation of 
organismal stress from toxicity exposure (Sweet et al. 1999). The specific goal of this 
study is to characterize the impact of benzo[a]pyrene (B[a]P) and a complex mixture of 
PAHs on apoptotic rates and the expression levels of six bullhead apoptotic regulatory 
genes (Chapter 1) in fibroblast cells isolated from the brown bullhead to address possible 
mechanisms by which PAHs may cause the induction of neoplastic growth.
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2.2 Methods and Materials
2.2.1 Brown bullhead cell culture
An adherent brown bullhead fibroblast cell line (BB-2) was acquired from the
American Type Culture Collection (VA, USA). The BB-2 cell line was plated on 15-cm2 
plates containing Eagle’s minimum essential medium (Sigma-Aldrich Corp, MO, USA), 
foetal bovine serum (10%), 0.1 mM MEM non-essential amino acids, with 2mM L- 
glutamine, 50 units/mL of penicillin G (sodium salt) and 50 pg/mL of streptomycin 
sulphate, 0.2 pL/mL sodium bicarbonate (7.5% w/v), and 1.0 mM sodium pyruvate, 
fungizone anti-mycotic (1 pg of amphotericin B & sodium desoxycholate per ml). 
Cultures were incubated at 26.0°C in an atmosphere containing 5% CO2 . The cell lines
were grown to confluence and split (1:10 ratio), multiple times until experimental
* 2quantities were acquired, using fresh 0.25% trypsin, and re-cultured in 60-mm plates, for 
future RNA isolation, or on acid-washed glass cover slip for TdT-mediated dUTP 
digoxigenin nick end labelling (TUNEL) purposes.
2.2.2 Exposure to PAHs
Once cell lines reached confluence (-90% surface area covered), old media was
replaced with fresh minimal essential media (as listed previously). The BB-2 cell line 
was dosed with either dimethyl sulfoxide (DMSO)( Sigma-Aldrich Corp, MO, USA), 
benzo[a]pyrene suspended in DMSO (0.05 and 0.10 mM), or a complex mixture of 
polycyclic aromatic hydrocarbons (Accustandard Inc, New Haven CT) at IX and 2X 
concentrations (Table 2.1). The cells were incubated at 26.0°C in an atmosphere 
containing 5% CO2 . The treated cells were harvested at 0, 1, 2, 4, 8, 12,24, and 72 hours 
for mRNA extraction and quantification. At each time period and for every treatment
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Table 2.1 Complex mixture of polycyclk aromatic hydrocarbons added to minimal essential media 
that was applied to a brown bullhead (Ameiurus nebulosus) fibroblast cell line.
3 |M r i P P |8 |
Acenaphthene 33-32 0.020 0.041
Acenaphthylene 208-96-8 0.021 0.041
Anthracene 120-12-7 0.018 0.035
Benz(a)anthracene 56-55-3 0.005 0.011
Benzo(b)fluoranthene 205-99-2 0.012 0.025
Benzo(k)fluoranthene 207-08-9 0.005 0.010
Benzo(g,h,i)perylene 191-24-2 0.011 0.023
Benzo(a)pyrene 50-32-8 0.010 0.020
Chrysene 218-01-9 0.011 0.022
Dibenz( a,h)anthracene 53-70-3 0.018 0.036
Fluoranthene 206-44-0 0.025 0.049
Fluorene 86-73-7 0.030 0.060
Indeno( 1,2,3-cd)pyrene 193-39-5 0.011 0.023
Naphthalene 91-20-3 0.049 0.098
Phenanthrene 85-01-8 0.021 0.042
Pyrene 129-00-0 0.025 0.049
41
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Busch, C. (2003)
and for every treatment, cells grown on cover slips were fixed in 3.7% formaldehyde for 
TUNEL analysis.
2.2.3 PAH effects on apoptosis using TU N EL
The 3'-OH termini generated through fragmentation for each treatment and time
period were labelled with modified nucleotides by terminal deoxynucleotidyl transferase 
(TdT). After fixation, the cells were incubated in 0.5% Triton X-100 (Fisher Scientific, 
ON, CDN), rinsed in lx  PBS, and TdT applied. TUNEL was carried out using an 
ApoTag In situ detection kit (Serologicals Corporation, GA, USA) as per manufacturer’s 
instructions.
TUNEL labelled cells were viewed using a Zeiss Aioskop MOT 2 microprocessor 
controlled microscope equipped with epi-fluorescence. Imaging was accomplished with 
Q-imaging’s high resolution Retiga digital camera equipped with a computer controlled 
RGB LCD filter. The apoptotic index (AI) was calculated using the mean of three 
replicates of the ratio of apoptotic cells to the total number of cells present using Empix 
Imaging’s Northern Eclipse image analysis (V6.0) software.
2.2.4 PAH effects on transcriptional changes
Total RNA was isolated using TRIzol ® (Invitrogen Canada Inc., Ontario, CDN)
from 60-mm2 plates containing confluent cells at each of the experimental time points 
and treatments. Briefly, cells were homogenized by pipetting repeatedly in 800 pL 
TRIzol, phase separation was completed by the addition of chloroform (Sigma-Aldrich 
Corp, MO, USA), RNA precipitated with isopropyl alcohol, washed with 75-% ethanol, 
and re-dissolved in RNAse-free water.
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Total RNA (5 jig), 1 pL dNTPs (lOmM each dATP, dCTP, cGTP, and dTTP), 
and 0.5 |ig oligo(dT)i8 bifunctional primer were incubated at 65 °C for 5 minutes and 
placed on ice. A reaction mixture was prepared for the first-strand cDNA synthesis 
containing RT buffer and RNaseOUT™ recombinant RNase Inhibitor (Invitrogen Canada 
Inc., Ontario, CDN) added to the RNA/primer mixture and incubated at 42 °C for 2 
minutes. Superscript II RNase H' reverse transcriptase (SOU) (Invitrogen Canada Inc., 
Ontario, CDN) was added directly to each reaction, mixed, incubated at 42 °C for 50 
minutes.
Quantification of RNA transcription levels of specific target genes was 
accomplished by reverse transcribed polymerase chain reaction (RT-PCR) (see chapter 
1). To quantify differences in levels of transcription of various apoptotic regulatory 
genetic markers (see Table 1.1), an internal control that amplifies the 18s ribosomal RNA 
fragment (F: 5’-CTT TCG ATG GTA GGA TAG TGG CCT-3’; R: 5’-CAA TGA TCC 
TTC CGC AGG TTC ACC TAC-3’), was used as a control to allow relative expression 
determination. Three RT-PCR replicates were completed for each treatment and time 
period to ensure constancy in result interpretation.
PCR products (target gene and control) were visualized by ethidium bromide 
stained gel electrophoresis. RT-PCR product was loaded onto a 1.8-% agarose gel and 
molecular size (bp) determined by comparison to a lkb DNA size standard (Fermentis, 
Burlington, ON). Digital images of banding patterns were electronically captured using a 
BioDoc-It ™ 2UV system utilizing an on-chip interline transfer CCD camera (UVP, CA, 
USA). Band density and quantification was completed using LabWorks (version 4) 
(UVP, CA, USA), to determine borders of the DNA bands, absolute quantification, and
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relative quantification (ratio of specific band to control band). Optical density of each 
PCR product was determined to be within the linear range of the camera system and 
verified by reducing the sample volume loaded into the agarose gel until all samples 
could be measured within the same integration and exposure conditions without optical 
saturation of any pixels.
2.2.5 Statistical analysis
Significant differences in apoptotic index (AI) and gene transcription levels were
determined using 1-way analysis of variance (ANOVA) in the General Linear Model 
module (SYSTAT version 7.0; SPSS, IL, USA), followed by a Bonferroni post-hoc test. 
Furthermore, statistical difference were determined for the overall effect of the various 
treatments, variation of the chemical treatment groups compared to DMSO controls, and 
variation among treatment groups.
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2.3.0 Results
2.3.1 PAH effects on apoptosis as detected by TUNEL
Fibroblast cells isolated from the brown bullhead underwent apoptosis (based on
TUNEL) at an elevated level when exposed to a complex mixture of PAHs, or a single 
PAH (benzo(a)pyrene) compared to DMSO (solvent control). Exposure to a complex 
mixture at both 1 x and 2 x concentrations caused an elevated number of cells to undergo 
apoptosis (Figure 2.1: A&B). The lower concentration dose (Figure 2.1:A) produced 
increased levels of apoptotic cells that was statistically higher than the control after 3 
hours and continued for another additional two hours. However, at the 2X concentration 
of PAH mixture (Figure 2.1:B) the level of apoptosis was not significantly elevated 
relative to DMSO treated cells for the first eight hours. However, at both the 12 & 48 
hour post-treatment sample times the apoptotic index became significantly elevated 
(Figure 2.1 :A & B).
Benzo(a)pyrene caused a general increase in apoptosis in the fibroblast cells at 
both the 0.05 mM (Figure 2.1:C) and 0.10 mM concentrations (Figure 2.1:D). The lower 
dose caused elevated apoptotic levels for the first twelve hours before returning to 
baseline levels, while the 2X dose caused a delayed increase in apoptosis at 8 hours post­
treatment. At each of the higher dosage levels (both the complex PAH mixture and the 
benzo(a)pyrene alone), increased numbers of cells were necrotic, relative to the lower 
concentrations.
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Busch, C. (2003)
Figure 2.1: Level of apoptosis in brown bullhead fibroblast cells (BB-2), as determined by TUNEL, 
with exposure to: (A) polycyclic aromatic hydrocarbon mixture (dose IX); (B) PAH mixture (dose 
2X); (C) B(a)P (0.05 mM); and (D) B(a)P (0.10 mM) (* denotes - p<0.05).
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2.3.2 PAH effects on transcription of apoptotic genes
RT-PCR was performed on the total RNA isolated from brown bullhead fibroblast
cells treated with both complex mixtures of PAHs and two doses of benzo(a)pyrene to 
examine expression levels of a variety of apoptotic regulatory genes. Due to the cost 
associated with RNA isolation and expression profiling gene transcription in the 2 X 
PAH mixture was not quantified.
The molecular markers used for characterizing the response of bullhead fibroblast 
cells were developed in Chapter 1 (see section 1.2.2). In this study, six of the novel 
apoptotic markers p23,p53, LAP, TFAR-15, PNAS, and TSP were used to detect changes 
in apoptosis regulatory genes. Briefly, p23 is a cytosolic protein, which occurs as an 
untranslated ribonuclear protein (RNP) particle and has been found to be expressed in a 
variety of species (Yan et al. 2000). p53 plays a fundamental role in growth control (cell 
numbers) and neoplasia. LAP codes for a member of a protein family that specifically 
inhibits apoptosis by binding to the tumor necrosis factor receptor associated factors 
(TRAF-1 & TRAF-2) probably by interfering with activation of ICE-like proteases 
(Rothe et al. 1995). TFAR-15 is tied to the isolation of mitochondrial permeability pore 
opening, decreased membrane potential, and the promoted release of cytochrome c, all 
biochemical processes that are involved in the early stages of apoptosis. PNAS is a 
protein that is hypothetical thought to be associated with apoptosis. Tumour 
susceptibility protein 101 (TSP) interacts with stathmin -  a cytosolic phosphoprotein that 
has been implicated in tumorigenesis (Koppel et al. 1990). Below I list the results by 
gene.
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P23: The gene product of p23 was affected by the presence of both 
benzo(a)pyrene and complex mixtures of polycyclic aromatic hydrocarbons (Figure 2.2). 
The addition of 0.10 mM benzo(a)pyrene caused a statistically significant increase in the 
transcription of p23 during the first 3 hours of exposure, characterizing it as an early 
stage apoptotic indicator. A lower concentration of benzo(a)pyrene present within the 
media caused an induction in transcription of p23 from 8 hours to 12 hours post exposure. 
A complex mixture of PAHs caused a delayed onset of apoptosis, as observed by 
immunohistochemistry (Figure 2.1:B), which corresponds to statistically elevated levels 
of p23 gene product at time 8 and 12.
P53: The level of transcription of the p53 gene, relative to the 18S RNA
control, increased significantly when exposed to high concentrations of benzo(a)pyrene 
(0.10 mM) at the 1, 8, and 24 hour time periods (Figure 2.3). Furthermore, the presence 
of a lower concentration of benzo(a)pyrene (0.05 mM) also caused an elevated level of 
transcription of p53 during the 24 hour time period. The addition of a complex mixture 
of PAHs to the cell culture media caused a small increase in the transcription of p53 at 
the 5 hour time period.
LAP: The gene product of an inhibitor of apoptosis (LAP) demonstrated
transcriptional changes when exposed to both complex mixture and singular PAHs 
(Figure 2.4). Initially, when exposed to a complex mixture of PAHs, the level of 
transcription of LAP was elevated for the first five hours post-exposure. Subsequently, 
the transcriptional level decreased to match the DMSO control. Comparatively, with 
exposure to low concentrations of benzo(a)pyrene, the transcription level was statistically 
elevated compared to both the control and exposure to the complex PAH mixture at the
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Figure 2.2: Transcriptional changes for the p23 gene product isolated from brown bullhead 
fibroblasts exposed to DMSO, PAH mixture, Ix and 2x concentration dose of B(a)P (0.05 mM and 
0.10 mM respectively) (* denotes - p<0.05).
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Figure 2.3: Transcriptional changes for a p53 gene product isolated from brown bullhead fibroblasts 
exposed to DMSO, PAH mixture, Ix  and 2x concentration dose of B(a)P (0.05 and 0.10 mM  
respectively) (* denotes - p<0.05).
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Figure 2.4: Transcriptional difference for a inhibitor of apoptosis (IAP) gene product isolated from 
brown bullhead fibroblasts exposed to DMSO, PAH mixture, Ix and 2x concentration dose of B(a)P 
(0.05 and 0.10 mM respectively) (* denotes - p<0.05).
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3, 5, 8, and 12 hour time period. The higher concentration of B(a)P demonstrated no 
significant increase in transcription of IAP.
TFAR-15: This gene product became elevated with exposure to both a complex 
PAH mixture and benzo(a)pyrene at various concentrations (Figure 2.5). Compared to 
DMSO, the transcription of TFAR-15 was statistically elevated at 1, 12, 24, and 48 hours 
when exposed to a mixture of PAHs. Transcriptional levels increased at 1, 3, 8, and 12 
hours when the cell culture media had 0.10 mM of benzo(a)pyrene present. When the 
lower concentration of benzo(a)pyrene was used, the level of gene product present at the 
8 hour time period was statistically elevated compared to the DMSO control.
PNAS: The level of transcription of PNAS became elevated when exposed to 
PAHs (Figure 2.6). Benzo(a)pyrene caused a dramatic and significant increase in 
transcription of PNAS at the 1 and 3 hour time period, at 0.10 mM concentration, and 1, 
3, 5, 8, 12, and 24 hour time periods relative to the DMSO solvent control for the 0.05 
mM dose. The addition of a complex mixture of PAHs caused a delayed elevation of 
PNAS transcription after 8 hours and continued for an additional 16 hours. At the end of 
the experiment, the transcriptional level of PNAS was reduced in all treatments.
TSP: The transcription of the gene product for a tumor susceptiblity protein was
elevated with exposure to benzo(a)pyrene and a mixture of PAHs (Figure 2.7). The 
mixture of PAHs caused an elevation of TSP transcription at the 3 hour time period. The 
addition of benzo(a)pyrene, at both concentrations, caused a statistically significant 
increased in TSP transcription for the 8, 12, and 24 hour time periods. After 24 hours, the 
level of transcription of TSP decreased for the high level dose (0.10 mM concentration of 
benzo(a)pyrene).
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Figure 2.5: Transcriptional difference for TF-1 cell apoptosis related protein 15 (TFAR-15) gene 
product isolated from brown bullhead fibroblasts exposed to DMSO, PAH mixture, Ix  and 2x 
concentration dose of B(a)P (0.05 and 0.10 mM respectively).
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Figure 2.6: Transcriptional difference for PNAS (hypothetical) gene product associated with 
apoptosis isolated from brown bullhead fibroblasts exposed to DMSO, PAH mixture, Ix and 2x 
concentration dose of B(a)P (0.05 and 0.10 mM respectively).
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Figure 2.7: Transcriptional difference for a tumor susceptibility protein (TSP) gene product 
associated with apoptosis isolated from brown bullhead fibroblasts exposed to DMSO, PAH mixture, 
Ix  and 2x concentration dose of B(a)P (0.05 and 0.10 mM respectively).
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2.4 Conclusion
The apoptotic process is a dynamic molecular cell death pathway that has the 
ability to be reversed, if DNA damage is repaired, or become accelerated through early, 
intermediate, and late stage processes. Utilizing both gene transcription and in situ 
markers one can quantify the apoptotic process from initial induction (i.e. early protease 
activation within the nucleus and cytoplasm; disruption of mitochondrial transmembrane 
potential), intermediate regulatory events (calcium flux, actin cleavage, loss of 
intercellular junctions & surface extensions, and membrane asymmetry (phosphatidyl 
serine extemalization)), and during late stage biochemical processes (nuclear chromatic 
coalescence, endonuclease activation, DNA fragmentation, and membrane bound 
apoptotic body formation) (Hale et al. 1996). The results presented in this study indicate 
that transcriptional changes to p23 and PNAS occur early in the apoptotic process (within 
the first three hours). Conversely, TFAR-15, LAP, p53, and TSP all demonstrated 
statistical differences in the level of transcription eight or more hours after exposure. 
This suggests that the transcription of, TFAR-15, IAP, p53, and TSP occurs at a late point 
in apoptotic induction.
This study observed both increased levels of apoptosis and alterations to the 
transcription of bullhead apoptotic regulatory gene products when fibroblasts were 
exposed to PAHs. The observed results may have been due to a combination of aryl 
hydrocarbon receptor (AHR) mediated impacts and the formation of semiquinone 
radicals. A number of PAHs, including benzo(a)pyrene, induce cytochrome P450 via an 
AH receptor mediated mechanism (Dipple et al. 1983). The formation of reactive 
metabolites by cytochrome P450-dependant monooxygenases could be responsible for
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changing the level of apoptosis observed (by TUNEL) and for the changes in 
transcriptional levels of the apoptosis regulatory markers. The complex formed by the 
translocation of AHR to the nucleus could cause the observed apoptotic levels by directly 
impacting the activation/suppression of AHR-ARNT regulated genes or as an indirect 
effect by decreasing the ability of AHR/ARNT to participate in transactivation of 
apoptotic regulatory genes (Puga et al. 2002). PAHs are metabolised by mixed-function 
monooxygenases to form quinines that can be further reduced by cytochrome P450 
reductase to form semiquinone radicals which lead to the formation of reactive oxygen 
species (ROS). As the level of ROS increases, antioxidant defence mechanisms become 
overburdened, causing the activation of specific transcriptional feedback mechanisms to 
cause apoptosis. The second proposed mechanisms, which would also occur due to AH- 
receptor mediated alterations to apoptosis, is by the formation of highly reactive 
semiquinone radicals that could impact observed apoptotic levels and may lead to 
alterations in the transcription of apoptotic regulatory genes. The combination of AH- 
receptor mediated mechanisms and elevated ROS production, caused by the addition of 
PAHs to cell culture media may be implicated in the observed increase in apoptosis and 
transcriptional alterations to regulatory genes in brown bullhead fibroblasts.
Apoptosis induced by environmental toxicants depends on the chemical species, 
exposure level & duration, receptor sites, and energy supply of the cell (Sweet et al. 
1998). The results of this study demonstrate that apoptosis related markers can be used 
as non-specific biomarkers (as they do not detect direct interactions between xenobiotic 
compound and a receptor) which is useful for ecotoxicological applications, such as 
assessing the impact of complex chemical mixtures and metabolites on organismal health
57
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Busch, C. (2003)
Studies examining the etiology of fish tumorogenesis have shown a strong correlation 
between the presence of PAH contaminates in sediment samples and the occurrence of 
liver tumors in bottom dwelling species (Baumann et al. 1987), (Malins et al. 1988), 
(Harshbarger and Clark 1990). The multistage process of carcinogensis often depends on 
the combined impact of multiple compounds that act on tumor initiators and promoters 
(Balch et al. 1995). Increased apoptotic levels operate as a preventative mechanism, 
protecting the organism from xenobiotic compounds by removing mutated, non­
functional and harmful cells (Whelldon et al. 1995). In this study, the increased levels of 
transcription of late apoptotic regulatory genes (IAP, TSP, TFAR-15, and p53) could 
function within a protective pathway. In humans, functional p53 protein is essential for 
the induction of apoptosis in mutagenized cells. The loss of p53 functionality is most 
commonly associated with the formation of malignancies in human cancers (Hollstein et 
a l, 1991). The induction of early apoptotic regulatory genes (p23 and PNAS) may be 
involved in repair pathways; however, once the damage or toxicity level becomes too 
high, cellular apoptosis is induced. It is the failure of apoptosis that permits transformed 
cells to escape from the normal regulation of cell proliferation (Bortner et al, 1995). 
Another hypothesis to explain chemical interactions with the apoptotic process is that 
chemical interactions cause a reduction in the apoptotic rate. A reduced level of 
apoptosis could cause a loss of homeostasis due to elevated levels of cell proliferation. 
This would become especially detrimental if accelerated proliferation occurred selecting 
for genetically damaged cells, thereby acting as a mechanism of tumor promotion (Micic 
et al. 2002). Determining the specific mechanism associated with the induction of 
carcinogenesis caused by PAHs will require additional study.
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In summary, characterizing xenobiotically-induced or inhibited levels of 
apoptosis can provide the opportunity to detect subtle and reversible changes in the 
normal activity of the cells, and aids in the explanation of organismal stress from 
exposure to toxicity (Sweet et al. 1999). The results of the present study demonstrated 
that the transcription of apoptotic regulatory genes is affected by the presence of PAHs. 
Furthermore, that brown bullhead fibroblast cells undergo apoptosis when exposed to 
xenobiotic compounds by altering transcription of both early and late stage apoptotic 
regulatory genes. There are numerous benefits of using apoptosis as a bioindicator of 
xenobiotic impact; (1) it is measurable in a wide range of tissues or biological products 
(can be non-invasive); (2) its is possible to relate measure of exposure to changes in 
transcriptional levels; (3) it is in direct relation to mechanisms of action of the 
contaminants; (4) it is easy to perform & cost-effective; (5) it may be possible to apply 
markers in different species, since the apoptotic process is evolutionarily selected. The 
establishment of apoptosis as a biomarker of genotoxicity will require both field and 
laboratory validation. However, from the initial in vitro results it can be concluded that 
apoptotic markers will be a valuable tool in the assessment of the impact of xenobiotic 
compounds on organisms. The next step is to determine how apoptosis in whole fish in 
their environment is affected by contaminant exposure. Chapter 3 examines 
transcriptional changes using these markers in field captured individuals residing within 
either PAH contaminated or pristine ecosystems.
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Chapter 3
The genotoxic impacts of polycyclic aromatic hydrocarbons 
(PAHs) contaminants on apoptosis in feral Detroit River brown
bullhead (Ameiurus nebulosus).
3.0 Abstract:
The persistent loading of PAHs into rivers, lakes, and marine ecosystems is demonstrated 
by elevated PAH concentrations observed in sediment samples. Exposure of fish species 
to contaminated sediment is known to cause elevated neoplastic growth, alterations to 
biochemical pathways, and to impact reproductive success. However, very few studies 
have evaluated the impact of PAHs on apoptosis -  a key mechanism involved in the 
formation of tumors and regulation of cellular homeostasis. In this study, a combination 
of immunohistochemistry techniques and novel molecular biomarkers are used to 
evaluate differences in the level of apoptosis and transcription of apoptotic regulatory 
genes among brown bullheads (Ameiurus nebulosus) in the Detroit River system at 3 sites 
with various levels of contamination. It was found that populations in areas containing 
elevated PAH concentrations in the sediment, demonstrated higher apoptosis occurring in 
dorsal muscle tissue biopsies, relative to pristine control sites. Furthermore, significant 
differences in the transcription of apoptotic gene regulatory proteins were observed; 
specifically, of p53 and an inhibitor of apoptosis protein (IAP) demonstrated a dose- 
dependant transcriptional alteration among the study populations. Thus, the apoptotic 
pathway of feral populations of brown bullheads is measurably changed when exposed to 
complex mixtures of xenobiotic compounds containing elevated PAH concentrations. 
These results indicate potential mechanisms supporting previous reported correlations 
between increased tumorigensis in populations of bottom dwelling fish species residing
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in PAH contaminated sediment, and provides field validation of novel brown bullhead 
apoptosis genes as biomarkers for monitoring ecotoxicological responses.
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3.1 Introduction
Aquatic organisms are chronically exposed to persistent xenobiotic compounds 
that have the ability to disrupt homeostasis, upset biological pathways, promote 
neoplastic growth, and increase mortality. A class of chemicals of particular concern to 
scientists and managers is polycyclic aromatic hydrocarbons (PAHs). PAHs are 
ubiquitously distributed in aquatic ecosystems and arise in the environment from various 
sources of incomplete combustion (i.e. heat and power generation; refuse burning; and 
coke production) (Dipple 1983). Due to their hydrophobic nature, PAHs accumulate in 
sediments where they can reach levels three to four orders of magnitude higher than the 
overlaying water column (reference: Nortar et al. 2002; James and Kleinow). Feral fish 
species are exposed to PAHs from either physical contact with contaminated sediment or 
by the ingestion of contaminated prey items and/or sediment. The majority of PAHs are 
detoxified through various metabolic modifications converting them to dionic species that 
are soluble and can be subsequently excreted (Dieffenbach et al. 1993). However, the 
metabolism of some PAHs by cytochrome P450 causes the formation of highly reactive, 
and therefore possibly carcinogenic, metabolites that demonstrate toxicity by interacting 
with signalling pathways and disruption of cellular homeostasis.
Aquatic organisms residing in ecosystems that contain PAHs have been found to 
have elevated occurrences of liver tumors (Baumann, Smith, and Parland 1987), (Barron 
et al. 2000), (Baumann 1992), (Pyron et al. 2001), and (Smith et al. 1994), including 
hepatic neoplasms, and epizootic carcinomas (Malins, McCain, Landahl, Myers, Krahn, 
Brown, Chan, and Roubal 1988). Furthermore, populations affected by PAHs also 
demonstrate physiological, biological, and biochemical alterations ■ to normal
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homeostasis, compared to organisms that reside in ‘relatively pristine” environments 
(Baumann, Harshbarger, and Hartman 1990). Neoplastic progression requires, in almost 
all instances, the deregulation of cell proliferation and the suppression of cell death 
mechanisms. Therefore, monitoring the impacts of PAHs and other hazardous 
compounds (i.e. PCBs and heavy metals), prior to neoplastic development, requires new 
techniques or tools focussed on structural changes and alterations in the expression of 
specific regulatory genes. Furthermore, utilizing genetic-based toxicology in the 
assessment of xenobiotic compound risk will allow a detailed examination of their impact 
on both human and ecosystem health.
Apoptosis is a cellular process that controls physiological processes, toxicities, 
and diseases by initiating a controlled form of cell death (as compared to necrosis). It is a 
normal cellular process that is responsible for maintaining homeostasis during 
development, immune function, and in response to chemical damage or infection (Sweet 
et al. 1999). Apoptosis is regulated by cell signalling factors which can either promote or 
delay cell death. Xenobiotic compounds, including PAHs, have the ability to interact 
with the apoptotic process to induce or inhibit cell cycle control, alter homeostatic and 
repair mechanisms, change structural components, and cause malignant transformations 
in biological organisms (Corcoran et al. 1994). Xenobiotic compounds have been shown 
to alter apoptosis in a number of aquatic species e.g. lake trout (Salvelinus namaycush) 
thymocytes (Sweet et al. 1998) , Atlantic tomcod (Microgadus tomcod) (Wirgin et al. 
1989), marine demosponge {Suberites domuncula) (Wagner et al. 1998), white sucker 
(Catostomus commersoni) ovarian follicular cells (Janz et al. 1997), Atlantic salmon
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(Salmo salar) hepatocytes (Grosvik and Goksoyr 1996), and rainbow trout 
(Oncorhynchus mykiss) (Julliard et al. 1996).
In this study, a newly characterized set of apoptotic regulatory genes (Chapter 1), 
isolated from the brown bullhead, were utilized, together with quantification of apoptosis 
by immunohistochemistry, to determine apoptosis levels and gene expression in Detroit 
River feral brown bullheads (Ameiurus nehulosus). Field studies demonstrate that the 
Detroit River exhibits site specific differences in chemical concentrations in the sediment 
(Furlong et al. 1988; Metcalfe et al. 2000). In this study, individuals were captured from 
populations exposed to differing PAFI contamination levels. It was demonstrated that 
genetic toxicology techniques can be used to evaluate the effects of PAHs, identify 
potential mechanisms whereby PAHs impact the apoptotic process, and validate the 
apoptosis genes as novel biomarkers at the transcriptional level in feral populations of 
brown bullhead that reside in the Detroit River system.
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3.2 Methods & Materials:
3.2.1 Sampling
Brown bullheads were captured by electroshocking from six locations in the 
Detroit River (Figure 3.1), containing various levels of persistent PAHs. In 2001, 
specimens were collected during August -  October from Peche Island (n = 22), River 
Canard (n = 6), and Trenton Channel (n = 32). During the 2002 field season, specimens 
were collected during May -  October from Peche Island (n = 35), Turkey Creek (n = 66), 
River Canard (n = 10), Grosse lie (n = 23); and Big Creek (n = 30). After capture, fish 
were placed alive in fresh water aboard the research vessel. The bullheads were weighed, 
measured, and necropsies were performed within four hours of capture. The liver was 
excised, weighed, and tissue preserved for immunohistochemistry and RNA isolation 
within neutral buffered formalin (NBF) (Sigma-Aldrich Corp., MO, USA) or RNA- 
later™ (Ambion, Inc., Austin, TX, USA). Hepatosomatic index was determined as 100 
X [ liver weight (body weight -  liver weight)]. Dorsal muscle and tissue sections from 
the lower lip were taken and placed in NBF and RNA-later™ for immunohistochemistry 
and RNA isolation. Follicles were weighed for determination of a gonadosomatic index 
(GSI) and were calculated as 100 X [ovaiy weight + (body weight -  ovary weight)]. 
Tissues samples to be used in RNA extraction procedures were frozen at -20°C until 
processed.
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Figure 3.1: Sample sites for brown bullhead in the Detroit River. Brown bullheads were collected 
from Peche Island, Turkey Creek, River Canard, and Big Creek located on the Canadian side of the 
River. Additional bullhead specimens were isolated from Trenton Channel and Grosse He (USA). 
Figure courtesy of K. Drouiliard. Sum PAH concentrations isolated from sediment presented below 
site name in pg/g.
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3.2.2 Apoptosis measurement
After fixation in neutral buffered formalin, specimens consisting of dorsal, mouth,
and liver tissue were embedded in parafilm using an automated tissue processor (Fisher 
Scientific, Canada). Embedded tissue was then sectioned into 7 micron layers using a 
microtome and placed on Super Frosted® glass slides (VWR International, Toronto, 
CDN). Tissue sections were then deparaffinized by submerging slide in xylene (3 times; 
5 min/wash), absolute ethanol (2 times; 5 min/wash), 95% ethanol (3 minutes), 70% 
ethanol (3 minutes), and washed in phosphate buffered saline. Terminal 
deoxynucleotidyl transferase nick end labelling (TUNEL) was carried out using an 
ApoTag In situ detection kit (Serologicals Corporation, GA, USA) as per manufacturers 
instructions. The induction of apoptotic cell death causes DNA fragmentation, a 
biochemical hallmark of apoptosis, and the subsequent formation of 3'-OH termini. 
TUNEL allows for the quantification of DNA fragmentation by using labelled modified 
nucleotides inserted by terminal deoxynucleotidyl transferase (TdT) to the 3’-OH termini.
Tissue sections were viewed using a Zeiss Aioskop MOT 2 microprocessor 
controlled microscope equipped with epi-fluorescence. Imaging was accomplished with 
Q-imaging’s high resolution Retiga digital camera equipped with a computer controlled 
RGB LCD filter. The apoptotic level was determined by counting the cells and evaluating 
the apoptotic index (Al) as a ratio of apoptotic cells to the total number of cells present 
using Empix Imaging’s Northern Eclipse image analysis (V6.0) software and each 
sample was replicated three times.
3.2.3 Transcriptional measurement
Total RNA was isolated by using glass fibers to bind nucleic acids from a
concentrated chaotropic salt solution using a commercial RNA isolation kit
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(RNAqueous)(Ambion, Austin, TX, USA) from liver, dorsal, and mouth tissue preserved 
in RNA-later™. RNA was isolated by following the manufacture’s instruction with the 
following modification; tissue was homogenized within a solution containing Ambion’s 
nuclear lysis/binding solution (750 ul) and deproteinization of the nucleic acids and phase 
separation was accomplished by addition of equal volumes of phenolxhloroform (Sigma- 
Aldrich Corp, MO, USA) to the nuclear lysis/binding solution containing the 
homogenized tissue.
Total RNA (5 pg), 1 pL dNTPs (lOmM each dATP, dCTP, cGTP, and dTTP), 
and 0.5 pg oligo(dT)ig bifunctional primer were incubated at 65 °C for 5 minutes and 
placed on ice. A reaction mixture was prepared for the first-strand cDNA synthesis 
containing 2 pL RT buffer (250 mM Tris-HCl (pH 8.3), 375 mM KC1, 15 mM MgCb), 
4pL 25mM MgCb, 2 pL DTT (0.1M), and RNaseOUT™ recombinant RNase Inhibitor 
(40U) (Invitrogen Canada Inc., Ontario, CDN) added to the RNA/primer mixture and 
incubated at 42 °C for 2 minutes. Superscript II RNase H' reverse transcriptase (SOU) 
(Invitrogen Canada Inc., Ontario, CDN) was added directly to each reaction, mixed, 
incubated at 42 °C for 50 minutes. The reaction was terminated by heating to 70 °C for 
15 minutes and chilled on ice.
Quantification of RNA transcription levels was accomplished by polymerase 
chain reaction (PCR) using previously described cDNA as template. A standard 
thermocycler protocol on a Tetrad thermocycler (MJ Research, MA, USA) was followed; 
120 second denaturation cycle (94°C), followed by specific number of predetermined 
cycles (Table 1.1) of; a 60 second denaturation (94°C), with various annealing 
temperatures (Table 1.1), a 90 second extension (72°C); and a final 5 minute extension
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(72°C). A primer set that amplifies the 18S ribosomal RNA fragment (F: 5’-CTT TCG 
ATG GTA GGA TAG TGG CCT-3’; R: 5’-CAA TGA IC C  TTC CGC AGG TTC ACC 
TAC-3’), was used as a control to allow for standard determination of relative 
transcriptional differences among sites.
The molecular markers that were used to examine differences in transcription of 
apoptosis genes in feral populations of brown bullhead were developed and explained 
previously (see chapters 1 & 2). In this study, seven novel transcriptional molecular 
markers p55, p23, p53, IAP,TRAF-15, PNAS-2, and TSP were used to detect changes in 
apoptosis regulation among populations. Briefly, the protein encoded by p55 is a member 
of the TNF-receptor superfamily and is one of the two major receptors for tumor 
necrosis-factor alpha (TNP-ot). This receptor can activate NF-kappaP, mediate apoptosis, 
and function as a regulator of inflammation. p53 is a nuclear protein which plays an 
essential role in the regulation of cell cycle, specifically between stages GO and G1 
(Hupp et al. 2000). Furthermore, it is a DNA binding protein that activates expression of 
downstream genes that inhibit growth and/or invasion, and thus functions as a tumor 
suppressor (Levin et al. 1991). IAP is a member of a family of proteins involved in 
inhibiting apoptosis by binding to tumor necrosis factor receptor-associated factors, 
TRAF1 & TRAF2, causing inactivation of ICE-like proteases (Rothe et al. 1995). TFAR- 
15 was initially identified in a premyeloid cell line with similarity to proteins that 
participate in apoptosis (Wang, Y.G., personal communication) PNAS-2 is an 
uncharacterized protein that is thought to be involved in apoptosis (Yu, W.Q et a l, 
unpublished). However, there has been no experimentation reported to evaluate the 
function of PNAS-2 in the apoptotic pathway(s). Finally, TSP belongs to a group of
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inactive homologs of ubiquitin-conjugating enzymes that contains a coiled-coil domain 
allowing it to interact with stathmin, a cytosolic phosphoprotein implicated in 
tumorigenesis (Oh et al. 2002). This gene may play a role in cell growth and 
differentiation by acting as a negative growth regulator (Oh et al. 2002). Mutations and 
alternative splicing of TSP occur in elevated frequencies in breast cancer indicating that 
these changes impact tumorigenesis and/or proliferation (Balz et al. 2002).
PCR products were visualized by ethidium bromide stained gel electrophoresis. 
RT-PCR product (10 pL) was loaded onto a 1.8-% agarose gel and size determined by 
comparison to a known DNA standard (Ikb; Promega, WI, USA). Digital images of 
fluorescent banding patterns were electronically captured using a BioDoc-It ™ 2UV 
system utilizing a on-chip interline transfer CCD camera (UVP, CA, USA). Band density 
and quantification was completed using LabWorks (version 4) (UVP, CA, USA), to 
determine borders of the DNA bands, absolute quantification, and relative quantification 
(ratio of specific band to control band). Optical density of each PCR product was 
determined to be within the linear range of the camera system by reducing the samples 
volumes run until all samples could be measured within the same integration and 
exposure conditions without optical saturation of any pixels.
3.2.4 Statistical Analysis
Differences between individuals that resided within relatively pristine sites (Peche
Island and Big Creek) and contaminated ecosystems (Trenton Channel, Turkey Creek, 
River Canard, and Grosse He) were tested using a one-way analysis of variance 
(ANOVA). Immunohistochemical analysis of apoptosis and determination of gene 
transcription levels were performed on a sub-sample of the total number of fish captured
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(minimum n=70). Differences in ovary weights between sites were detected using 
analysis of covariance (ANCOVA) with body weight as a covariate.
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3.3 Results
3.3.1 PAHs in the Detroit River
PAH levels were determined during a sediment quality survey of the Detroit River
system completed by the Great Lakes Institute for Environmental Research (GLIER 
2001). This survey consisted of 150 sampling stations randomly selected from 6 
sampling zones within the Detroit River from which surficial sediments were analysed 
for a range of physical, chemical and biological parameters, including concentrations of 
PAHs for each site (Table 3.1; presented as both sum concentrations of PAHs and top 
four occurring congeners (Benzo(a)pyrene, Fluoranthene, Phenanthrene, and Pyrene) 
isolated from sediment samples). Sediment isolated from Trenton channel contained the 
highest level of PAHs compared to sediments previously characterized from Peche Island 
and Grosse lie. Sampling areas and relative sum PAH concentrations utilized in this 
study include Peche Island (sum PAHs = 16.12 pg/g), River Canard (sum PAHs = 230.92 
pg/g), Trenton Channel (sum PAHs = 213.37 pg/g), Turkey Creek (sum PAHs = 22.30 
pg/g), Grosse lie (sum PAHs = 405.55 pg/g); and Big Creek (sum PAHs = 26.19 pg/g). 
These results are similar to data reported in previous examinations of the Detroit River 
system (Metcalfe et al. 2000) and (Furlong et al. 1988).
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Table 3.1: Sediment PAH concentrations collected from six locations in the Detroit River. Concentrations in sediment samples are present in units of 
pg/g dry weight corrected for total organic content. Data provided by the Detroit River Management and Modelling Fram ework (DREAMS — 
http://www.uwindsor.ca/dreams) (Great Lakes Institute for Environmental Research 2001)
Peche Island 2 16_/ 0 v, 5 \ 1.19 69
Turkey Creek 59 22.30 0.35 2.05 2.68 1.59
River Canard 85 230.92 5.66 30.73 33.72 15.32
Trenton Channel 101 213.37 2.65 13.89 24.69 23.14
Grosse lie 142 404.55 3.14 18.95 47.71 32.53
Big Creek 121 26.19 0.54 2.72 3.81 1.56




Tissue biopsies taken from liver, dorsal muscle and skin, in six feral populations
of brown bullhead residing in sediment of various levels of PAH contamination did not 
demonstrate a significant correlation, between apoptotic index (TUNEL) and the 
sediment, sum PAH concentration, as determined by a general linear model regression 
analysis (Table 3.2). However, there were site differences in the apoptotic level observed 
within all tissue classifications demonstrating possible variation among sites, but no 
functional relation was detected. When sum PAH concentration was included as a 
categorical variable in a 1-way ANOVA, a significant effect of sum PAHs on the 
apoptotic index emerged. This observation demonstrated that there are differences in the 
level o f apoptosis occurring among sites; however, the effect is not dose dependant. 
Multiple regression analysis showed no significant correlations among tissue type (liver, 
muscle, or skin) and fork length when compared to the level apoptotic detected. No 
significant correlation was detected between apoptosis level and fork length, sex, gonad 
somatic index (GSI), hepatosomatic index (HSI). Furthermore, examination in the affect 
of the top four occurring compounds on apoptosis in both liver and muscle that did not 
demonstrate significance (Table 3.3). However, there was a significant correlation 
(p-0.025) between pyrene and apoptotic index when phenanthrene, fluoranthene, and 
benzo[a]pyrene are included as co-variates on skin tissue.
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Table 3.2: Regression analysis for level of apoptosis, as determined by TUNEL, occurring in feral 
bullhead tissue samples (liver, dorsal muscle, and skin) when compared to sum PAH concentrations 
occurring within sediment samples. Liver: multiple R=0.133 R2=0.Q18; Dorsal: multiple R=0.203 
R2=0.041; Skin: multiple R=0.191 R2=©.©37.
ttE j§ j ■RH W Pf
Apoptotic Index 104
Constant 11.559 1.732 0.000
Sum PAH concentration -0.047 0.035 0.177
Apoptotic Index 47
Constant 7.996 2.572 0.003
Sum PAH concentration 0.071 0.051 0.171
N
Apoptotic Index 47
Constant 15.074 2.874 0.000
Sum PAH concentration -0.011 0.008 0.208
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Table 3.3: Multivariate analysis examining differences in apoptosis levels, as determined by TUNEL, 
among six populations of brown bullhead sampled in the Detroit River system and over three 
different tissue types. Liver: multiple R=0.22 R2=0.048; Dorsal: multiple R=0.537 R2=0.288; Skin: 
multiple R=0.390 R2=0.152.
I 1 H M 1 H H H I
Apoptotic Index 104
Constant 12.605 2.111 0.010
Phenanthrene 2.138 1.355 0.118
Fluoranthene 15.24 8.379 0.072
Pyrene 14.94 8.091 0.076
Benzofa]pyrene -37.864 20.613 0.069
■ ■ III P (2 Tail)
Apoptotic Index 47
Constant 6.368 3.225 0.055
Phenanthrene -2.557 3.162 0.423
Fluoranthene -13.618 11.243 0.233
Pyrene 19.352 16.88 0.258
Benzo[a]pyrene 12.257 10.187 0.236
11111111 P (2 tail)
Apoptotic Index 45
Constant 13.162 5.502 0.021
Phenanthrene 101.438 54.96 0.072
Fluoranthene -65.052 32.853 0.054
Pyrene 14.121 6.077 0.025*
Benzo[a]pyrene 0.927 0.316 0.089
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3.3.3 Transcriptional quantification of apoptosis in field captured bullheads
RT-PCR was performed on total RNA isolated from liver tissue dissected from
field captured brown bullhead taken at three sampling sites with various levels of 
persistent PAH deposition in the Detroit River. These sites included Peche Island (low 
[PAH]), Turkey Creek (Moderate [PAH]) and Grosse lie (highest [PAH]). The Great 
Lakes Institute has demonstrated that these three sites consistently have differing levels 
o f persistent PAH contamination present within sediment samples. Therefore, only these 
sites were examined for transcriptional differences.
There was no significant change in the level of transcription of p55 among the 
three populations examined (Figure 3.2). The transcriptional level of p23 relative to the 
18S control did show significant differences between the Turkey Creek population 
compared to both Peche Island and Grosse lie (Figure 3.2). The transcription of the p53 
gene was elevated in individuals residing in higher PAH contaminated sediment (Figure 
3.2). This is demonstrated by increased transcription in the Grosse He population, which 
contains the highest sum PAH concentration, compared to Peche Island. However, there 
was no significant increase in the transcription between Turkey Creek and Grosse He. 
Transcription of both IAP (Figure 3.2) and TFAR-15 (Figure 3.2) were significantly 
increased in both Peche Island and Turkey Creek compared to the population exposed to 
the highest level of PAHs, Grosse He. Furthermore, there is a significant transcriptional 
difference of TFAR-15 between Grosse He and the reference population, Peche Island. 
The transcription of a hypothetical gene product, PNAS-2, is consistent with a dose 
dependant response in the characterized transcription of this gene product (Figure 3.2). 
The transcription of TSP among the three populations demonstrated a high level of
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Figure 3.2 Transcriptional differences, relative to 18s control (y-axis), in seven genes associated with 
apoptosis, characterized by RT-PCR, using mRNA isolated from brown bullhead liver samples 
collected from three separate populations, Peche Island, Grosse lie, and Turkey Creek, residing in 
various concentrations of PAHs collected from the Detroit River System. Letter indicates statistical 
relevance between experimental locations.
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transcriptional variance relative to the level of 18S observed (Figure 3.2). Specifically, 
individuals residing in Peche Island exhibited a level of transcription of TSP 
approximately equal to the control while demonstrating an equal level of standard error 
from this mean. The level of TSP gene product in the other populations exposed to 
persistent PAH contamination, demonstrated an elevated level of transcription compared 
to Peche Island. However, there is no significance difference for the transcription of TSP 
among these populations.
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3.4. Conclusion
In this study, immunohistochemical detection methods for evaluating apoptosis 
did not demonstrate any significant correlations between apoptosis and sum PAH 
concentration in residing sediment. However, significant differences were detected 
among populations exposed to differing composition and concentrations of various 
PAHs. Some studies have identified inconsistencies with terminal-transferase techniques 
leading to inaccurate determination of apoptosis associated with endogenous nucleases 
and procedural protocols (i.e. incubating times, temperature deviations, and automated 
cell calling software) (Stahelin et al. 1998) and (Labat-Moleur et al. 1998). However, 
DNA fragmentation analysis in tissue is accepted as a late end-point indicator of 
apoptosis. To meet the objectives of this study, quantification of differences in apoptosis 
in populations exposed to PAHs using DNA fragmentation to quantify apoptosis may 
occur too late in the apoptotic process for detecting significant differences among 
populations. Therefore, evaluation of early stage indicators of apoptosis may provide 
better information regarding alterations in the apoptotic pathway due to the presence of 
genotoxic compounds.
The transcriptional activation or suppression of genes responsible for the 
regulation of apoptosis plays a fundamental role in interpreting cellular damage caused 
by toxicants and determining the cellular response of a cell or tissue (Holden 2000). The 
perturbation of apoptosis by PAHs can be accomplished by either the activation of 
specific receptors, triggering entry into the nucleus and thereby allowing binding to 
promoters, or by causing a blockage in the pathway by suppressing down-stream 
signalling pathways. A number of toxicants can cause changes to the level of apoptosis
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both in vivo and in situ. For example, both chromium and bleached kraft pulp mill 
effluent have been reported to increase the level of apoptosis in the white sucker (Bagchi 
et al. 1998) and (Janz et al. 1997). In this study, there was a correlation between 
increased levels of apoptosis and pyrene concentration in dorsal muscle tissue biopsies 
taken from brown bullheads residing in ecosystems containing elevated levels of PAHs 
present in the sediment. Bullheads spend the majority of their time in the bottom 
sediments of lakes and rivers (Loeb 1964). Furthermore, this species exhibits a reduced 
ability to metabolize PAHs, compared to other species, causing it to demonstrate 
increased sensitivity to the carcinogenic impacts of these genotoxic xenobiotic 
compounds (Yuan et al. 1997). Multiple studies have confirmed that sediment 
concentrations of specific compounds, such as aromatic hydrocarbons, were correlated to 
the prevalence of idiopathic liver lesions (e.g. neoplasms, foci of cellular alteration, 
megalocytic hepatosis) and skin carcinogenesis in fish inhabiting the contaminated 
sediment (Bunton 2000), (Krahn et al. 1986), and (Baumann et al. 1996).
Skin and liver carcinogenesis in fish involves numerous mechanisms and 
pathways for the induction, promotion, and progression of xenobiotically induced fish 
carcinogenesis. These processes can involve the expression of intermediate filament 
proteins and actin (Bunton 1996), proliferating cell nuclear antigen (Ortego et al. 1995), 
and alpha fetoproteins (Sarconie and Black 1994). In this study, transcriptional activity 
of a variety of gene products associated with apoptosis was examined. Transcriptional 
changes in oncogenes and tumor suppressor genes are directly associated with the 
apoptotic process. p53 has been described as the guardian of the genome due to its 
critical role in determining DNA damage and apoptotic regulation (Lane, D. 1992).
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Increased levels of p53 transcription in populations exposed to PAHs were detected. This 
data suggests the PAH mediated cellular injury possibly induced changes in the DNA that 
led to increased transcriptional levels of p53 or a reduction in the cellular degradation of 
p53. These results are consistent with exposure studies evaluating p53 transcription in 
Fundulus grandis fish liver after in vivo exposure to N-methy 1-N’ -nitro-N- 
nitrosoguanidine (MNNG) (Blas-Machado et al. 2000). MNNG has been used previously 
to induce neoplastic growth in liver and skin tissue because of its ability to impact the 
synthesis of DNA, RNA, and proteins (Margison et al. 1979). Transcriptional alterations 
were also observed in PNAS-2 and TFAR-15, both proteins that have been hypothesized 
to be involved in the regulation of apoptosis. However, the function of these proteins is 
unclear and therefore further study will be required to clarify their involvement in PAH 
induced toxicity. In populations exposed to lower PAH concentrations the transcription 
of IAP was increased. This suggests that PAH contaminated environments inhibit 
apoptosis until a specific threshold point is reached. At this point the level of apoptosis 
increases, as observed by immunohistochemistry, and the transcription of inhibitor 
proteins is reduced. This suggests that increased cell death due to increased DNA 
damage and cell cycle disruption maybe a protective mechanism invoked in fish exposed 
to carcinogens to reduce alterations to homeostasis. However, there has been no other 
study that has examined the impact of PAHs on inhibitors of apoptosis therefore these 
observations will need to be further tested. In general, the mechanisms associated with 
the ability of PAHs to alter the expression of apoptosis are not clear.
The monitoring of apoptosis can be used in feral populations exposed to 
environmental xenobiotic compounds to assess the impact of complex chemical mixtures
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on organism health. Furthermore, apoptosis monitoring could provide information 
critical for to environmental monitoring agencies in combination with analytical 
techniques and field based health assessments. Detection of alterations in the apoptotic 
pathways may provide insight into early biochemical effect of chemical exposure to 
reproductive, genetics, and immunological toxicants prior to the onset of tumorogenesis 
(Sweet et al. 1999). This study demonstrates that PAHs alter the rate of apoptosis in skin 
tissue, alter the level of transcription of tumor suppressor genes (i.e. p53, IAP, and TSP), 
and thereby may alter the transcription of additional down stream apoptotic regulatory 
proteins. Overall, changes to the homeostatic levels and regulation of apoptosis may 
increase the probability of neoplasic transformation in fish populations exposed to PAHs. 
Therefore, using apoptosis based biomarkers to characterize xenobiotically affected 
populations may provide the opportunity to quantify small, and reversible, changes in the 
regulation of normal cells and allow researchers to explain toxicological processes that 
occur from time of exposure to observed toxicity.
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General Conclusion
The field of genetic toxicology is progressing rapidly with increased availability
of molecular genetic technologies that allow researchers to examine the potential impact 
of environmental genotoxic agents on the health of organisms. This discipline will 
continue to grow as concern over as possible impact of xenobiotic compounds on the 
environment increases. Therefore, it is important to develop new techniques and 
applications to monitor the interaction of DNA-altering agents on sentinel species. The 
three chapters contained within this thesis provide information on the development of 
biomarkers (Chapter 1), in vitro testing of those markers (Chapter 2), and field 
monitoring (Chapter 3) of the impact of PAHs on the apoptotic pathway in a sentinel 
species.
Apoptosis, as a novel indicator for environmental heath, allows the investigation 
of impacts of xenobiotic compounds at a number of environmentally relevant life stages. 
Since apoptosis is highly regulated in development (i.e. embryonic development and 
metamorphosis), the impact of contaminants on the developmental process can be 
assessed with high precision. Apoptosis is also critical for the proper function of the 
immune system, to counterbalance cellular proliferation without involving an 
inflammatory response. Exposure to chemical contaminants can impact the immune 
systems; therefore, monitoring apoptotic levels may provide a new technique to 
characterize these impacts.
In this study, my goal was to examine the impact of a class of xenobiotic 
compounds, PAHs, on the apoptotic pathway to identify alterations associated with 
exposure. Cells exposed to carcinogenic compounds may undergo genetic damage
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manifested as altered rates of apoptosis, changes in gene expression, and inhibition of 
tumor suppression genes. These changes may lead to an increased probability of cellular 
transformation to a cancerous state. Therefore, monitoring apoptosis by characterizing 
both early alterations to the transcription of genes associated with apoptosis, and late 
fragmentation of DNA, allows effective assessment of the impacts of xenobiotic 
compounds at early and late endpoints.
Currently, the field of genetic toxicology is evolving, with new focus being placed 
on the early detection of subtle changes that occur in the normal activity of cells. This 
thesis contributes to the new focus through:
• The development of novel molecular biomarkers to monitor contaminant 
induced changes in the genetic material of aquatic organisms.
• Demonstration that differences in the transcription of apoptotic genes can 
be detected in feral organisms residing in contaminated sediment 
containing various levels of PAHs.
• Characterization of apoptosis in truncated brown bullhead fibroblasts and 
field captured individuals. Thereby, developing this species as a model 
(or sentinel) species in future studies designed to elaborate the molecular 
mechanisms and pathways associate with xenobiotic compound impact on 
tumorogenesis.
• The developments of novel techniques to monitor, predict, and assess 
significant chemical induced genetic changes that occur in tumorigensis 
prior to the onset of visible lesions.
85
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Busch, C. (2003)
• Demonstration that combinations of immunhistochemistry and molecular 
methods can be used to provide a detailed picture of both early and late 
stage effects on the apoptotic pathway with exposure to xenobiotic 
compounds.
• Provision of a backbone for future ecotoxicological studies involving 
dosing, field exposure, and population structure changes associated with 
PAH exposure and apoptosis.
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